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Editorial on the Research Topic 


Repurposed drugs targeting cancer signaling pathways: clinical insights to improve oncologic therapies, volume II





Introduction

Drug repurposing in oncology is a strategy that attempts to identify new therapeutic uses of drugs already approved for other diseases to treat cancer. This strategy has gained interest because of its potential to reduce costs and accelerate the development of oncology treatments. This Research Topic aims to provide information on repositioned drugs in different types of cancer, to personalize and improve cancer therapies. Ten manuscripts in this Research Topic examine various but interconnected aspects of drug repurposing, highlighting the rapid advancement of the field and increasing complexity.





Repositioning existing drugs for the treatment of common cancers

Common tumors refer to cancers with high incidence and prevalence across global populations, making them some of the most frequently diagnosed malignancies. These typically include solid tumors such as breast, lung, colorectal, prostate, ovarian, pancreatic, liver, and bladder cancers. Characterized by well-established clinical and biological profiles, these tumors are often supported by robust preclinical models and extensive clinical trial data. Due to their prevalence and clinical impact, they are strong candidates for drug repurposing to enhance outcomes, particularly in resistant cases or when treatment options are limited.

In this sense, triple negative breast cancer (TNBC) is usually an aggressive and difficult-to-treat cancer. On this topic, Carrion-Estrada et al. demonstrated a compelling strategy for targeting TNBC by stabilizing the oncogenic K-Ras4B G13D/PDE6δ complex using novel compounds (C14 and P8). These agents suppressed tumor growth in both in vitro and in vivo models, including resistant TNBC subtypes, highlighting their potential as adjuvant treatments when standard therapies fail. In a related effort to expand treatment options through drug repositioning, Hajihosseini et al. conducted a meta-analysis showing that olaparib, typically used in BRCA1/2-mutant breast and ovarian cancer, improved progression-free survival when used as monotherapy in lung cancer compared to combination regimens with durvalumab or gefitinib. In parallel, Pernot et al. explored an immunomodulatory approach through the repurposing of sulconazole, an antifungal compound that inhibits PD-1 expression in immune and cancer cells by blocking NF-κB and calcium signaling. The ability of sulconazole to restore immune activity while repressing malignant traits further highlights the value of nontraditional compounds in oncology, especially for immunologically evasive tumors (https://doi.org/10.3389/fimmu.2023.1278630).

Complementing these findings, Villegas-Vázquez et al. provided a comprehensive review on drug repositioning for ovarian cancer, emphasizing the critical role of cell line and animal models in preclinical drug screening. Although clinical application remains in early stages, these models are key to developing future therapies aimed at improving outcomes in patients with gynecologic cancers.

At the genomic level, Martinez-Montiel et al. discussed a paradigm shift by focusing on alternative splicing events in prostate cancer. As splicing errors increasingly emerge as hallmarks of malignancy, this review advocates for the development of diagnostics and therapies that target cancer-specific splicing isoforms, an especially timely strategy given the rising global burden of disease in low-resource settings. Additionally, Sánchez-Marín et al. discussed thyroid cancer at the genomic levels and identified 13 genes with missense mutations and 10 for gene fusions as potential therapeutic targets for drug repositioning. This which represents promising area for therapeutics, as treatment for this cancer is limited.





Therapeutic opportunities through drug repositioning in uncommon cancers

Uncommon tumors are rare cancers with limited epidemiological data, including sarcomas, neuroendocrine tumors, certain pediatric cancers, and site-specific malignancies. Their low incidence often leads to underrepresentation in clinical trials and reliance on limited or extrapolated treatment evidence. Their rarity poses challenges for diagnosis, research, and treatment development, but also makes them ideal candidates for drug repurposing, offering quicker, cost-effective options where standard therapies are limited or ineffective.

Osteosarcoma is a rare and aggressive bone cancer, with complex diagnosis and treatment due to tumor heterogeneity. Despite its prevalence across age groups, comparative genomic data has been limited. A study by Zou et al. analyzed 194 patients and found age-related molecular differences. While common mutations like TP53 appeared across all ages, younger patients had more gene amplifications and homologous recombination deficiency, whereas adults had higher tumor mutational burden. Children showed more angiogenesis-related mutations, while older groups had alterations in PI3K/mTOR and cell cycle pathways. Notably, 58% of patients had actionable mutations, with treatment targets varying by age.

Giant cell tumor of bone (GCT) is a rare neoplasm with limited treatment options. In this context, McAllister et al. were the first to report the expression of Prostate-Specific Membrane Antigen (PSMA) in GCT. PSMA is the molecular target for the radioligand therapies Locametz and Pluvicto, currently approved for prostate cancer. Based on their findings, the authors suggest the potential repositioning of Locametz and Pluvicto as therapeutic options for GCT.

A broader overview of glioblastoma therapy shed light on the systemic challenges in treating this notoriously intractable disease. The review by Han Bae et al. emphasize the importance of biomarker discovery and innovative drug delivery technologies (e.g., nanoparticles, focused ultrasound) alongside drug repurposing, a strategy echoed in the sulconazole and C14/P8 studies, for overcoming barriers like the blood-brain barrier and tumor heterogeneity.

Finally, home chemotherapy initiatives have emerged as a viable and safe alternative to traditional hospital treatment for oncology patients, a safe alternative that could reduce costs and hospital burden. In this regard, Villegas et al. presented several recommendations based on the published literature and an expert panel in order to have a basis for the development of future initiatives, as they represent a new model of patient-centered oncology care.





Summary and concluding remarks

This growing body of research emphasizes the promise of drug repurposing as a faster, cost-effective way to develop new cancer therapies by using existing drugs with known safety profiles. It highlights a shift toward targeted, mechanism-based treatments, aiming to improve outcomes, especially for difficult or understudied cancers. By combining molecular insights with innovative therapeutic approaches, these studies move the field closer to personalized and effective cancer care.
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The overexpression of the immunoinhibitory receptor programmed death-1 (PD1) on T-cells is involved in immune evasion in cancer. The use of anti-PD-1/PDL-1 strategy has deeply changed the therapies of cancers and patient survival. However, their efficacy diverges greatly along with tumor type and patient populations. Thereby, novel treatments are needed to interfere with the anti-tumoral immune responses and propose an adjunct therapy. In the current study, we found that the antifungal drug Sulconazole (SCZ) inhibits PD-1 expression on activated PBMCs and T cells at the RNA and protein levels. SCZ repressed NF-κB and calcium signaling, both, involved in the induction of PD-1. Further analysis revealed cancer cells treatment with SCZ inhibited their proliferation, and migration and ability to mediate tumor growth in zebrafish embryos. SCZ found also to inhibit calcium mobilization in cancer cells. These results suggest the SCZ therapeutic potential used alone or as adjunct strategy to prevent T-cell exhaustion and promotes cancer cell malignant phenotype repression in order to improve tumor eradication.
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1 Introduction

The inhibitory receptor programmed cell death protein-1 (PD-1, PDCD1) is a member of the immunoglobulin (lg) superfamily (1). The expression of this type I transmembrane protein is induced in various immune cells including T cells, B cells, macrophages, and several dendritic cell subsets (2–4). Two main ligands of PD-1, namely programmed cell death ligand 1 and 2 (PD-L1/PD-L2) (5) are expressed in various tumor cell types and immune cells (5, 6). By binding to PD-1, PD-L1 inhibits T cell activation, leading to immune escape. Thereby, interfering with PD-1 and PD-L1 interaction or signaling pathways was proposed as a therapeutic approach to prevent cancer cells from avoiding the anti-tumoral immune response. This by reactivating the T-cell-mediated tumor cell cytotoxicity and elimination (1–5). Indeed, previous studies indicated that the inhibition of PD-1 promotes an effective immune response against cancer cells (1–5) and targeting PD-L1 or PD-1 using monoclonal antibody blocking PD-1 or PD-L1 has been associated with significant clinical response in a wide range of malignancies (7, 8). However, although blockade of PD-1/PD-L1 with these monoclonal antibodies shows therapeutic effect for cancer patients, their use displayed some restrictions. These include the reduced response frequency and several adverse effects observed in some cancer patients (7, 8). Therefore, to overcome these difficulties the development of other efficient strategies is now necessary.

Antifungal imidazole derivatives are commonly used for the treatment of topical and systemic infections including candidal infections and mycoses (9). Imidazole derivatives, including ketoconazole (KET), miconazole (MIC), tioconazole (TIO), clotrimazole (CLO), and sulconazole (SCZ), were initially identified as ligands of the heme iron atom of cytochrome P450 (CYP) (10–12). Furthermore, the effect of these drugs have been studied in the context of human pathologies treatment including cancer (13). Of these, SCZ is an antifungal agent with a broad spectrum of activity and is proposed for the treatment of skin infections such as dermatophyte infections (14–16). Compared to several imidazoles, SCZ shows enhanced antifungal activity (14–16) and was reported to inhibit the malignant phenotype of breast cancer cells (13). In this study we demonstrate the ability of SCZ to inhibit the expression of PD-1 on activated T cells and PBMCs through NF-κB activity and calcium mobilization repression. Sulconazole was also able to inhibit colon cancer and breast cancer cells as well as melanoma proliferation, and migration, suggesting the dual therapeutic effect of this drug.




2 Materials and methods



2.1 PBMCs, T cells and cancer cells culture and PBMCs activation

Human peripheral blood mononuclear cells (hPBMCs) were obtained following written informed consent approved by Bergonié Institute (Bordeaux, France). PBMCs were isolated from healthy donors by density gradient centrifugation with Pancoll (PANBiotech; human, density 1,077g/ml) and were cultured in RPMI 1640 (PAN-Biotech) supplemented with 10% FBS (Gibco), 2mM L-glutamine (Gibco) and penicillin/streptomycin solution (Dominique Dutscher). Human T cells were purified from blood using the MACSxpress® Whole Blood Pan T Cell Isolation Kit (Miltenyi Biotec). The murine colon cancer cells CT-26, the human colon cancer cells HT29, melanoma cells M10 and Jurkat T and J.RT3-T3.5 (JRT3) cell lines were cultured in RPMI 1640 complete media. The breast cancer cells MDA-MB 231 were cultured in DMEM complete media. All the cells were grown at 37°C in a 95% air, 5% CO2 humidified incubator. Activation of Jurkat T cells, purified T cells and PBMCs was induced by phorbol myristate acetate (PMA,100ng/ml) and Ionomycin (Io,1ug/ml), as previously described (17).




2.2 Real-time qPCR

Total RNA was isolated using the Nucleospin RNA kit (Macherey-Nagel) prior reverse transcription in a reaction mixture containing 50mM Tris-HCl (pH 8.3), 30mMKCl, 8mM MgCl2, 1mM dNTPs, and 0.2U Superscript reverse transcriptase (Invitrogen), as previously described (17, 18) in a VeritiThermal Cycler (Applied Biosystem). Quantitative real-time PCR was performed using specific TaqMan primers and Master Mix (Eurogentec), in a StepOne Plus Real-Time PCR system following manufacturer’s instructions (Applied Biosystem). GAPDH was used for normalization. The PDCD1 primers used are F 5’-CTACAACTGGGCTGGCGG-3’ and R 5’-TGTGTTGGAGAAGCTGCAGG-3, respectively. The primers for CTLA4 were derived from BioRad Unique Assay (ID qHsaCED0003794).




2.3 Ca2+ mobilization measurement quenching assay

Indicated cells were treated for 48 h with 10 µM of Sulconazole or vehicle (DMSO) in their culture media, and then Ca2+ influx was evaluated using 2 µM Fura-2 AM (ThermoFisher Scientific, US) and microfluorometry system, for adherent cells, or CLARIOstar® Plus microplate reader (BMG Labtech; Germany), for T cells. The microfluorometry system includes inverted microscope Leica (Wetzlar, Germany) with a 20×/0.75 NA objective, a monochromator (Polychrome V, Till Photonics, Munich, Germany), a CCD camera and HP software (Hamamatsu Photonics, Japan). In both cases, the changes of intracellular Ca2+ concentration ([Ca2+]i) were shown as the ratio of Fura-2 AM fluorescence after excitation at 340 and 380 nm (ratio = F340/F380). Experiments were done following the period sequence: 4 min in (1) free Ca2+ solution (140 mM NaCl, 2.7 mM KCl, 4 mM MgCl2, 0.5 mM EGTA, 10 mM HEPES, pH = 7.4) with 2 µM of thapsigargin, in order to stimulate Store Operated Ca2+ Entry (SOCE), and 6 min in (2) 2-2.5 mM Ca2+ solution (2-2.5 mM CaCl2; 140 NaCl, 2.7 KCl, 1 MgCl2, 0.5 EGTA, 10 HEPES, pH = 7.4). Then, Ca2+ influx (Δratio) was computed as the difference between the peak ratio after 2 min of extracellular Ca2+ re-addition and its level just before.




2.4 JRT3 functional assay

This functional assay, is based on Jurkat T-cell line stably expressing the human LES -γδ TCR (JRT3-LES) incubated with the colon cancer cell line HT29 overexpressing the endothelial protein C receptor (HT29-EPCR), as previously described (17). The activation of JRT3-LES cells was evaluated by the expression of CD69.




2.5 Proliferation assay

The proliferation of indicated cells was performed using the IncuCyte live-cell microscopy incubator (Essen Bioscience). Cells (2 × 105) were treated with indicated concentrations of SCZ in the presence of 3% and 10% serum and placed in the IncuCyte incubator, and phase-contrast images were taken at regular intervals over 96 hours. Results were calculated by the IncuCyte software and presented as confluence relative to time 0. Images were taken with a ×4 objective. Four images were taken from each well, and each condition had more than 6 wells.




2.6 Wound healing assay

Cells were seeded in 96-well plates and allowed to grow until they reached 90% confluence (2 × 106 cells per well of each cell line). The cell wound was performed using Incucyte® Wound Maker 96-Tool, and cells were treated with various concentration of SCZ during various time periods. Plates were placed in the IncuCyte incubator which took 4 phase-contrast images and calculated cell-free area of each well at regular intervals over 48 hours. Results were shown as relative wound density.




2.7 Immunocytochemistry

Detection of PD-1 in Jurkat T cells were monitored using an anti-PD-1 antibody at 1:100 in TBS with 5% BSA, as previously described (17). Confocal immunofluorescence images were taken using the inverted microscope Nikon C2si Eclipse Ti-S with NIS-ElementsAR software (NikonInstruments Europe B.V.).




2.8 Flow cytometry analysis

Cells were stained with fluorophore-conjugated antibodies: PE-anti-PD-1 mAb (MIH4, #560908 eBiosciences) and Flowcytometry data were acquired with BD Accuri C6 (BD Biosciences). Flow cytometry analyses were performed using BD Accuri C6 software and FlowJo 9.3.2 (TreeStar), as previously described (17).




2.9 Western blotting

Cells were lysed in PBS containing 2% NP-40 and lysates were subjected to SDS-PAGE (BioRad Miniprotein) and proteins were blotted onto polyvinylidene difluoride membrane (PVDF, Amersham Pharmacia Biotech). The primary antibodies anti-NF-κB p65 (#sc-8008, dilution 1/500) from Santa Cruz Biotech, phospho-NF-κBp65 (#3033, dilution 1/500) from Cell signaling, TRPC1: rabbit anti-TRPC1 (1:500, T8276; Sigma-Aldrich, United States), STIM1: rabbit anti-STIM1 (1:500, 4916S; Cell Signaling, United States) and Orai1: rabbit anti-Orai1(1:250, O8264; Sigma-Aldrich, United States) were revealed by HPR-conjugated secondary antibodies (Amersham Pharmacia Biotech) and enhanced chemiluminescence (Pierce ECL Plus, Thermo Scientific) according to the manufacturer’s instructions. Images were acquired with a Genegnome system and GeneSyssoftware (Syngene) (17–19).




2.10 Tumorigenicity assay

All experiments performed in this study were approved by the university of Bordeaux Animal Ethics. Adult AB zebrafish strain (ZIRC, USA) were maintained following the French Directive under permission number A33-063-935. All the procedures were conducted in compliance with the European Communities Council Directive (2010/63/EU). Following the production of embryos by adult zebrafish, embryos were allowed to grow in E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) at 28°C, as described previously (20, 21). After dechorionation, 2-day post fertilization (dpf) zebrafish embryos were anaesthetized with 0.003% tricaine (Sigma, USA) and placed in 3% methylcellulose on a dish coated with 1% agarose. MDA-MDB-231 cells were detached using Versaine solution and 2.5·106 cells were resuspended in 50 μl of PBS containing 1% phenol red. Immediately, cell suspension was loaded into Femtotip II capilar needles (Eppendorf, Germany) and injections were performed using a pump (Femtojet 4i; Eppendorf, Germany) and a micromanipulator (Phymep). Around 500 cells per embryos were inserted above the duct of Cuvier in perivitelline space of the embryo, as previously described (22). After checking the implantation with mammalian cells, zebrafish embryos were maintained in 24-well plates at 36.3°C. Then, SCZ (1 µM) or vehicle (DMSO) we added of to each well. Tumor imaging was done after 48-h post injection (hpi) using Nikon EclipseTS100 microscope. The tumor size was evaluated using the area of the developed tumors.




2.11 Statistical analysis

Unless otherwise indicated, data are presented as mean ± SEM. A 2-tailed t test was used to analyze the data in GraphPad Prism (GraphPad Software). The statistical significance level is illustrated with P (p-values). Statistical P was set than 0.05.





3 Results



3.1 Sulconazole inhibits PD-1 expression in T cells and PBMCs

A potent T cell response requires PKC signaling (23). To induce PBMCs, human purified T cells activation we first used combination of PMA and Io (PMA/Io) that mimics T-cell receptor (TCR) activation. Indeed, PMA binds to and activates PKC whereas ionomycin (Io) is a calcium ionophore that enhances membrane permeability to calcium. Incubation of indicated cells with PMA/Io for 24h induced PD-1 mRNA expression in all indicated cells (Figures 1A, B). In the presence of SCZ (5μM), PD-1 mRNA expression was considerably decreased after 24h of treatment, as assessed by real time-PCR. Similarly, using the Jurkat T cells, their treatment with SCZ, also affect PD-1 expression (Figure 1C). These observations indicate that PD-1 expression on T cells and PBMCs can be repressed.




Figure 1 | Inhibition of PDCD1 expression in PBMCs (A), purified T cells (B) and Jurkat T cells (C) by Sulconazole (SCZ). PD-1 mRNA level upon PMA/Io stimulation in the absence and presence of SCZ (5μM) at 24h, assessed by real time-PCR. Data are represented as fold change to PMA/Io-stimulated cells that was assigned 100% as mean ± SEM from three independent experiments. *, P < 0.05. (D, E) Jurkat T cells were treated with indicated SCZ concentrations prior their incubation with PMA/Io. PD-1 expression was analyzed by Flow cytometry. (F, G) Representative confocal microscopy images of PD-1 immunostaining (green) of PMA/Io-activated Jurkat T cells in the absence and presence of SCZ. (H, I) PD-1 expression in PBMCs (H) and purified T (I) cells treated with SCZ prior their incubation with PMA/Io, as assesses by Flow cytometry. (J) CTLA-4 mRNA level upon PMA/Io stimulation in the absence and presence of SCZ (5μM) at 24h, assessed by real time-PCR. Scale bar, 10 μm. Data are represented as mean ± SEM from three independent experiments. MFI, mean fluorescence intensity (arbitrary unit). * P < 0.05.



To evaluate the expression of PD-1 in PBMCs and T cells at the protein level, we first treated the PMA/Io activated-Jurkat T cells with indicated SCZ concentrations. Flow cytometry analysis revealed that PD-1 expression is also induced at the protein level in the presence of PMA/Io that was repressed by sulconazole in a dose-dependent manner (Figures 1D, E). PD-1 expression was reduced by up to 60% with 5μM of SCZ. The use of immunofluorescence staining under these conditions confirmed that PD-1 expression was greatly decreased in the presence of sulconazole (Figures 1F, G). The use of PMA/Io-treated-PBMCs and purified T cells also revealed their reduced PD-1 expression in the presence of SCZ (Figures 1H, I). These observations indicate that SCZ can impede PD-1 expression at the RNA and protein levels in PBMCs and T cells. To evaluate whether SCZ is also able to affect the expression of other immune checkpoint inhibitors involved in T cell exhaustion, such as CTLA-4. As illustrated in Figure 1J, treatment of activated PBMCs with SCZ (5μM), significantly affected CTLA-4 expression.




3.2 Repression of NF-κB expression and calcium mobilization by sulconazole

NF-kB activation and calcium mobilization has previously been reported to be involved in PD-1 expression (17, 24). Thereby, we next investigated the effect of SCZ on these two PD-1 signaling pathways. As illustrated in Figures 2A, B incubation of Jurkat T cells at the indicated time points with PMA/Io induced NF-κB phosphorylation. Maximal stimulation was observed after 10-20 min and was downregulated after 40 min of cells stimulation. The presence of SCZ significantly reduced NF-κB activation. The inhibitory effect of SCZ was significant after 20 min and maximal after 40 min of cells incubation. These results show that SCZ represses the activation of NF-κB required for PD-1 expression. Similarly, store-operated Ca2+ entry (SOCE) is a mechanism for Ca2+ influx across the plasma membrane activated in response to depletion of intracellular Ca2+ stores, mostly in the ER. To evaluate the effect of SCZ on Ca2+ mobilization, Jurkat T cells were incubated with sulconazole (10 μM), and Ca2+ levels were measured. Cells were loaded with fura-2, and then stimulated with 2 μM thapsigargin to deplete the ER and activate SOCE. As illustrated in Figures 2C, D, SCZ inhibited Ca2+ entry into cells. These observations, together with the finding that SCZ was able to regulate NF-κB activation, indicate SCZ ability in the repression of different pathways involved in the PD-1 expression on T cells.




Figure 2 | Inhibition of NF-κB phosphorylation and calcium mobilisation by Sulconazole (SCZ) in Jurkat T cells. (A) Jurkat T cells were treated with SCZ prior their incubation with PMA/Io and the phosphorylation of NF-κB was analyzed by western blotting at the indicated time points. (B) Results of NF-κB phosphorylation quantification are shown in the bar graph and calculated, as the ratio of p-NF-κB/Total NF-κB and are representative of three independent experiments. (C) Representative recordings of thapsigargin-induced changes in the intracellular calcium concentration expressed as fluorescence ratio (F340/F380). Jurkat cells were incubated for 4 min in a free Ca2+ solution in the presence of 2μM of thapsigargin and Ca2+ (2.0 mM) was re-added. (D) Bar graph shows the percentage of delta ratio increase after and before adding Ca2+ in cells treated with or without SCZ (10μM). Data are represented as mean ± SEM from three independent experiments. * P < 0.05.






3.3 Functional and survival of Jurkat T cells in the presence of sulconazole

To evaluate the effect SCZ on Jurkat T cells function, we next analyzed the expression of CD69, a T-cell activation marker, by flow cytometry to analyze antigen-TCR binding and therefore, downstream T-cell activation. Thereby we used the TCR-deficient Jurkat T cells (JRT3), expressing a specific TCR (LES) that recognizes the EPCR protein that were cocultured with EPCR-expressing HT29 cancer cells. As illustrated in Figures 3A, B the expression of CD69 was upregulated when JRT3-LES cells were cocultured with EPCR-expressing HT29 cells. Similarly, Following JRT3-LES treatment with SCZ (5μM) for 24 hours in the presence of EPCR-expressing HT29 cancer cells also strongly upregulated CD69 expression (Figures 3A, B). We next evaluated the effect of SCZ on cell survival. Thereby, T cells were incubated with SCZ in the absence and presence of serum and flow-cytometric analysis of cell death was performed using annexin V and 7AAD as markers. Flow cytometric analysis revealed that Jurkat T cells incubation with up to 5 μM SCZ had no effect on cell survival. In the absence of serum, only the concentration of 10μM induced cell death (Figures 3C, D).




Figure 3 | T cell activity and survival are not affected by sulconazole. (A, B) Flow cytometry analysis of TCR-activation marker CD69 in JRT3 cells upon binding to HT29 cancer cells in the presence and absence of SCZ (C, D) Fluorescence-activated cell sorter scatter plots of Jurkat T cells incubated for 24h without or with serum (5%) at indicated SCZ concentrations. After incubation, cells were double stained with annexin V and 7AAD. The use of fluorescence-activated cell sorter detected viable (negative for both dyes; lower left), early apoptotic (Annexin+/7AAD−, lower right), necrotic cells (Annexin−/7AAD+, upper left) and late apoptotic (Annexin+/7AAD+, upper right) cells. Data represented as mean ± SEM from three independent experiments. *, P < 0.05. NS, not significant.






3.4 Sulconazole inhibits calcium mobilization in cancer cells

Calcium is considered as a regulator of the malignant phenotype of cancer cells, therefore, we further investigated the effects of SCZ on Ca2+ influx. First, the breast cancer cells MDA-MB-231 were pretreated with SCZ and then calcium signals were detected. As shown in Figures 4A, B, Ca2+ influx induced by thapsigargin was blocked by SCZ (10 μM). These results implied that SCZ blocked calcium mobilization, a signal pathway required for various processes required for the acquisition of the malignant phenotype of cancer cells, including cell proliferation, and migration. Further analysis revealed that the effect of SCZ on calcium mobilization is not mediated by changes in the levels of the calcium channels STIM1, ORAI1 and TRPC1, as assessed by western blotting analysis (Supplementary Figure 1).




Figure 4 | Inhibition of calcium mobilisation by Sulconazole in cancer cells. (A) Representative recordings of thapsigargin-induced changes in the intracellular calcium concentration expressed as fluorescence ratio (F340/F380). MDA-MB-231 cells were incubated for 4 min in a free Ca2+ solution in the presence of 2μM of thapsigargin and Ca2+ (2.5 mM) was re-added. (B) Bar graph shows the percentage of delta ratio increase after and before adding Ca2+ in cells treated with or without SCZ (10μM). Data are represented as mean ± SEM from four independent experiments.






3.5 Sulconazole inhibits cancer cell proliferation and migration

To determine the effect of SCZ on the malignant phenotype, the proliferation of several cancer cells, including the melanoma M10, the breast MD-MB231 and the colon CT-26 cancer cell lines were treated with indicated concentrations of SCZ in the presence of low (3%) and high (10%) concentration of serum and their proliferation was measured using the IncuCyte Live Cell Analysis System (Figures 5A–I). As illustrated, treatment of these cells with SCZ significantly decreased their confluence rate. The effect of SCZ was more efficient in the presence of low concentration of serum. We next evaluated the effect of SCZ on the migration of these cancer cells in a wound-healing assay. As illustrated in Figures 6A–D, treatment with SCZ for indicated time periods, reduced cancer cell motility in a concentration and time-dependent manner.




Figure 5 | Inhibition of cancer cells proliferation by Sulconazole. colon cancer cells (CT-26) (A–C), Melanoma cells M10 (D–F) and breast cancer cells MDA-MB-231 (G–I) and were plated at low confluence for time-lapse phase-contrast videomicroscopy (IncuCyte microscope) in the absence and presence of different concentrations of SCZ and serum, and cell proliferation was monitored by automated confluence analysis at set intervals after plating. Data are represented as mean ± SEM from three independent experiments (n = 6 wells per group). * P < 0.05.






Figure 6 | Inhibition of cancer cells migration by Sulconazole. (A–D) cancer cell migration was analyzed by scratch wound assay. M10 (A, B) CT-26) (C), and MDA-MB-231 (D) cells were treated with various SCZ concentrations and were subjected to scratch wounds and imaged using IncuCyte microscope during 48h (n = 6 wells per group, 3 independent experiments). (B–D) Quantification of wound closure during indicated time periods. Data are represented as mean ± SEM.






3.6 Sulconazole inhibits tumor growth in zebrafish

To directly assess the effect of SCZ on tumor growth, we used zebrafish embryos injected with MDA-MB-231 cancer cells, as in vivo model. Indeed, the adaptive immune system of zebrafish matures at 28 dpf (25–27). Previously, the development of T cells in zebrafish was reported to occur post 5 days post-fertilization (dpf). This temporal sequence corresponds to the infiltration of the thymus by lymphoid progenitor cells around c with subsequent egress from the thymus occurring between 6 dpf and 7 dpf, facilitating entry into the peripheral circulation (28). Thereby, multiple cancer models have been generated in zebrafish and proven similar to their human counterparts molecularly and pathologically (22, 29, 30). To assess the effect of SCZ on tumor growth we used 2 dpf zebrafish embryos to inject 500 cells/fish (25-30 fish) and allowed to grow for 48h in the absence and presence of SCZ (1μM). As shown in Figures 7A, B, the presence of SCZ in the embryo’s media reduced up to ~ 4-fold time MDA-MB-231 cancer cells ability to induce tumor growth in zebrafish embryos, confirming the antitumorigenic effect of SCZ in vivo.




Figure 7 | Inhibition of tumor growth by Sulconazole. (A, B) MDA-MB-231 cells (500) were injected above the duct of Cuvier in perivitelline space of the embryos and SCZ (1 µM) or vehicle (DMSO) were added to embryo E3 medium. Tumor imaging was performed after 48-h post injection. Results are representative of 4 experiments. Values are mean ± SEM (n = 25-30 per group). *P < 0.05.







4 Discussion

The interaction between PD-1 on T cells and its ligand PDL-1 expressed on tumor cells directly affects the cytotoxic function of T cells required for cancer cells eradication (1, 6). However, the tumor microenvironment (TME) including the components of the extracellular matrix of various TME cells affect the expression of PD-1 on T cells leading to immune evasion. The monoclonal antibodies used to target PD-1 and PD-L1 were found to be potent immune checkpoint inhibitors and were used for various cancers treatment such as melanoma, lung cancer and gastric cancer. Indeed, since 2014, FDA has approved various anti-PD-1 and anti-PD-L1 monoclonal antibody drugs. These drugs have made serious improvement in the clinical treatment of various tumors and prolonged the survival of cancer patients. For several cancer patients, these drugs mediated complete remission. However, other patients with solid tumors, including colorectal cancers [except the microsatellite-instable (MSI) subset] are refractory to these treatments (6, 8).

The failure to respond to anti-PD-1 drug is mainly due to the presence of irreversibly exhausted T cells. In addition, various adverse responses are mediated by these inhibitors that are mainly immune-related adverse reactions found to affect several tissues and organs of the treated patients (31, 32). Other studies also showed that it is difficult for antibody drugs to successfully infiltrate tumor tissues and reach all areas of the tumor microenvironment in order to be accumulated at an adequate and efficient concentration (17). Other studies revealed that the efficacy of these drugs can be reduced with time and was linked to their immunogenicity that induces the production of anti-antibodies during the treatment (32). Therefore, it is necessary to develop novel inhibitors such as small molecules with confirmed efficacy and safety to target the PD-1/PD-L1 interaction. Indeed, compared to monoclonal antibodies that are difficult to produce, small molecule present various advantages to make them promising for clinical treatments (33). Small molecule inhibitors are more appropriate for oral management, and can be used to avoid immune-related adverse effects due to the facility of their changeable half-life. In this study, we demonstrate that SCZ is able to represses the expression of PD-1 on T cells and PBMCs and reduces cancer proliferation, migration and tumor growth in vivo using zebrafish embryos model.

Previously, NF-κB and calcium signaling pathways were reported to be required for PD-1 expression on T cells (17). We found that SCZ inhibited these pathways and thereby linking PD-1 repression by SCZ in T cells to NF-κB activity and calcium mobilization inhibition. Further analysis revealed that SCZ is also able to repress CTLA-4 expression in PBMCs. Our results identified SCZ, as small not toxic molecule medicine that may constitute a starting point for the identification of new class of immune checkpoint inhibitor regulators that will have the chance to be used at the clinical setting since their none toxicity was previously established. Indeed, current preclinical studies revealed that small molecule compounds have a better capability than antibodies to repress tumor growth progression (25), suggesting their use to overcome the existing problems of antibody drugs and allow them to replace monoclonal antibodies or serve as complementary therapies.




5 Conclusions

Innovative pharmacological methods are needed to improve treatments of advanced cancers, regardless of the considerable benefit of immunotherapy. Indeed, new drugs are needed for to complement the used monoclonal antibodies to target PD-1 and/or PD-L1 immune checkpoint proteins. Here, we have identified SCZ a known antifungal drug which could reinforce immunotherapy based on their capacity to modulate PD-1 expression. We revealed that SCZ repress PD-1 expression on activated T cells through NFκB and calcium mobilization inactivation. It will be of additional interest to explore whether SCZ induces T cells infiltration in tumors and mediates synergic effect with the current immunotherapy.
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The diagnosis and treatment of cancer impose a significant emotional and psychological burden on patients, families, and caregivers. Patients undergo several interventions in a hospital setting, and the increasing number of patients requiring extended care and follow-up is driving the demand for additional clinical resources to address their needs. Hospital at Home (HaH) teams have introduced home-administered oncologic therapies that represent a new model of patient-centered cancer care. This approach can be integrated with traditional models and offers benefits to both patients and healthcare professionals (HCPs). Home-administered treatment programs have been successfully piloted globally, demonstrated as a preferred option for most patients and a safe alternative that could reduce costs and hospital burden. The document aims to establish the minimum recommendations for the home administration of oncologic therapies (ODAH) based on a national expert agreement. The expert panel comprised seven leading members from diverse Spanish societies and three working areas: clinical and healthcare issues, logistical and administrative issues, and economic, social, and legal issues. The recommendations outlined in this article were obtained after a comprehensive literature review and thorough discussions. This document may serve as a basis for the future development of home-administered oncologic therapy programs in Spain. 
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1 Introduction

Cancer remains a major global health problem despite scientific efforts in the development of new therapies (1, 2). According to GLOBOCAN data, 19.3 million new cases and 10 million cancer deaths were reported in 2020 worldwide, and a 47% increase in new cases will occur in 2040 if the current rates remain constant (3). In Spain, 277,394 new cases were diagnosed in 2020, currently being the second cause of death and accounting for 22.2% of total deceases (109,706 cancer deaths). According to Spanish Network of Cancer Registries (REDECAN) data, 280,100 newly diagnosed patients are expected by the end of 2022 (4).

Patients with cancer undergo multiple interventions, typically performed within a hospital setting that provides the requisite logistical resources. The reliance on the hospital environment has been amplified by the necessity for a multidisciplinary team of healthcare professionals (HCPs) and the development and deployment of new technologies for diagnosis and treatment. Nevertheless, the COVID-19 pandemic has had adverse effects in various routine clinical procedures due to hospital saturation, insufficient resources, and recommended restrictions aimed at reducing the risk of infection (5–7). Consequently, the regular activity of the oncology units was affected (6, 7). A meta-analysis reported a reduction in general clinical activity in 58% of the centers worldwide during the first wave (6). Frequently, treatment delay or cancellation, change in treatment plans, and delay in outpatient visits (in 58%, 65%, and 75% of centers, respectively) were registered, and many centers (72%) implemented virtual visits (6).

Hospital at Home Service (HaH) is hospital-level substitutive care delivered at home for acute patients who required hospital admission. HaH has been associated with several advantages, including patient safety, reduction of nosocomial complications, similar or even better health outcomes compared to conventional hospitalization, high satisfaction levels from both patients and caregivers, and cost savings (8, 9).

HaH teams are trained to perform complex interventions at home, which would reduce the hospital burden preventing the negative consequences of this overload on cancer patients (10–13). Moreover, treating cancer patients at home can help to control high-risk situations such as the exposure to epidemics of multidrug-resistant pathogens or community viral infections with high morbidity and mortality (14).

Despite the growing interest, the available literature exploring the possibilities and benefits of oncologic drug administration at home (ODAH) and supportive care treatments in oncology patients is still limited and controversial, especially in Spain. The aim of the present document is to establish the minimum recommendations for an ODAH based on a national expert consensus. It should be noted that in the present document this setting refers to all healthcare-related procedures coordinated by a multidisciplinary group of HCPs that attend to the diagnostic and therapeutic needs of selected oncology patients at their homes. This home-based care is a complementary element of the protocol designed for those patients and, thus, it must be integrated as part of it. Due to their singularities, pediatric oncologic patients and those with haemato-oncologic diseases are not considered in the elaboration of this recommendations.




2 Materials and methods



2.1 Expert selection and panel composition

The panel of experts was multidisciplinary and included seven professionals from Madrid, Barcelona and Vigo involved in cancer treatment and who belong to diverse scientific societies: SEFH (Spanish Society of Hospital Pharmacy), SEHAD (Spanish Society of Home Hospitalization), SEEO (Spanish Oncology Nursing Society), and SEOM (Spanish Society of Medical Oncology). The panel included experts in the field of oncology, nursing, HaH, hospital pharmacy, and health economics. Three working areas were defined: 1) clinical and healthcare issues, 2) logistical and administrative issues, and 3) economic, social, and legal issues. Experts were assigned to a working group according to their knowledge and expertise (Supplementary Table 1).




2.2 Literature screening and questions formulation

A series of relevant questions for each section were prepared (see Supplementary Table 2). The experts reviewed the literature and provided individual responses, but a systematic review was not conducted. The working group then deliberated on the responses and arrived at a consensus on the recommendations. The decisions were primarily guided by expert opinions and were reinforced by the existing literature. In instances where evidence was lacking, only expert opinions were taken into account.




2.3 Consensus meeting and agreement

The consensus meeting took place on November 16th, 2022. The recommendations of each working group were presented to all experts and discussed in the meeting to reach a final agreement. The present recommendations are presented in question-answer format and have been endorsed by all participants. The role and functions of the main stakeholders involved in home administration of oncologic therapies were defined and summarized in Supplementary Table 3.





3 Results



3.1 Section 1: clinical and healthcare issues

When considering the feasibility of a home-based oncology treatment program, it is important to take into account various factors related to the oncology drug, therapy, patient characteristics, and healthcare environment.



3.1.1 Item A. Related to drug/therapy

Question 1. Which drugs are potentially suitable for home administration?

When planning a home-based oncology treatment program, it is important to consider the pharmaceutical and clinical characteristics of the administered treatment, including its posology, stability, route and duration of administration, and safety profile. Most articles describing ODAH focus on parenterally administered treatments, with oral medications not typically considered as home-administered chemotherapy (12, 15). Oncologic therapies that have a non-complex administration protocol and a known and manageable safety profile are good candidates for home-base administration (15). The duration of chemotherapy treatment typically varies from two to eight months, and shorter administration times are generally preferable to longer ones (16). Prolonged home-administered therapy, especially if it requires the presence of a nurse throughout the entire procedure, can result in a waste of resources for hospitals and increase costs (15, 17, 18). According to published initiatives, the infusion duration of home-administered drugs usually took less than four hours (15). Moreover, guaranteeing drug stability for its administration at home is essential to ensure the best treatment for the patient (19).

An indicative list of oncologic drugs that can potentially be administered at home is presented in Table 1, although there is significant variability in the types of antineoplastic drugs used in home-based therapy programs (12, 15, 20–22).


Table 1 | Potential oncologic treatments for home administration.






3.1.2 Item B. Related to patients

Question 2. What profile of patients would benefit from oncology treatment administered at home?

Eligibility criteria for ODAH is crucial to maintain the safety and should be based on patient and caregiver readiness, diagnosis, characteristics and co-morbidities, treatment regimen, and hospital proximity and home environment (Table 2) (15, 16). Inclusion criteria should be related to the clinical and physical state, cancer type and grade, and type of treatment. External factors, such as the distance to the hospital, presence of a caregiver/relative and housing conditions should also be assessed by a multidisciplinary team of HCPs (16).


Table 2 | Recommended inclusion and exclusion criteria to select the most adequate patients for home-administered chemotherapy.






3.1.3 Item C. Related to healthcare settings

Question 3. How would ODAH compromise the efficacy, safety, and quality of life of systemic treatments?

Research has shown that home-administered oncology treatment can be just as effective and safe as hospital-administered treatment and may lead to improvements in quality of life and patient satisfaction (12, 15, 16). Recently, a systematic review found that ODAH presented no statistically significant differences in quality of life compared to hospital administered setting (12, 23). Safety data showed that toxicities were expected regardless of the location of administration. In Spain, a randomized controlled trial comparing home-based chemotherapy to hospital treatment revealed higher satisfaction with home-based administration in terms of the perception of nursing availability and communication (24). Another systematic review, exploring the advantages of home chemotherapy pointed that the results obtained in several trials sustained that treatment administration at home was safe and feasible, and preferred by patients and caregivers (25).

However, some clinicians may still have concerns about patient safety (26), but the appropriate preparation and education can help ensure the safety of the procedure (16). Patients and caregivers should receive educational and supporting material that explains the program implications in simple and easy-to-understand vocabulary. Periodic satisfaction surveys can also help to monitor the patient experience and identify areas for improvement. Also, further research is needed to compare the efficacy, safety, and quality of home-administered therapy to hospital treatment.

Question 4. What kind of education, accreditation or training should receive the HCPs involved?

Oncology, HaH and Pharmacy Services must be coordinated for drug prescription, validation, evaluation of the clinical state before drug administration, detection of adverse events, and patient follow-up. Therefore, an interdisciplinary group of HCPs with defined responsibilities is required along with specialized education and training (15, 27).

Furthermore, antineoplastic drug administration is a complex procedure that must be performed by a qualified professional to avoid undesirable incidents (28–31). Specialized nurses are responsible for the chemotherapy and biotherapy administration, and they have specific education and training that ensure the safe care of the patient (28, 32).

Implementing this strategy will typically necessitate the establishment of specialized teams dedicated to administering antineoplastic treatments in patients’ homes. While it is feasible to utilize home hospitalization resources or hospital nursing to a certain extent, this approach generally entails a greater demand for human and material resources.

Question 5. What kind of controls should be performed?

Experts suggest and agree that certain minimum requirements must be met by the hospital when considering a ODAH program: 1) to have a Medical Oncology Service; 2) to have a territorial/regional HaH Service; 3) to have a Pharmacy Service that ensures the highest quality of care for patients; 4) to be provided with minimum healthcare resources in the units and available involved Services; and 5) to perform a demographic and geographic evaluation of the healthcare area.

An initial pilot program should be set up to evaluate the results and determine the compliance of requirements. Standardized approaches and procedures, along with interdisciplinary professional review, can help avoid medication mistakes (28–30). An indicative checklist is provided in Table 3 and a standardized nurse visit is shown in Supplementary Figure 1.


Table 3 | Checklist of the optimal steps to perform the ODAH.



Question 6. What would be the minimum instruments, apparatus or equipment required?

Table 4 includes a list of materials to be considered for an ODAH program. The minimum required material will depend on the therapy and clinical state of the patient (18).


Table 4 | Basic and additional materials needed for ODAH procedure.



Question 7. Which aspects should be considered for drug preparation?

To ensure the best treatment for the patient, it is crucial to maintain drug stability during home delivery. This requires a review of all factors involved in drug preparation and transport, and the implementation of protocols and controls to assess drug stability for optimal implementation of a home-based therapy program (19).




3.1.4 Recommendations of the experts panel for the section 1

Table 5 contains the agreed recommendations made by the panel of experts regarding clinical and healthcare issues section.


Table 5 | Expert recommendations for clinical and healthcare issues.







3.2 Section 2: logistical and administrative issues

Question 8. To consider the ODAH, what are the requirements that must be fulfilled by the oncology department/hospital?

Simplifying the patient’s journey and ensuring the availability of necessary resources and adherence to schedules and processes is crucial. This can be achieved by developing agreed protocols and plans that outline all the steps, stakeholders, and professionals involved. Therefore, it is essential to collaborate and coordinate among nursing, pharmacy, oncology and HaH Services, and all the other involved parties for the program’s success (16, 33, 34). Figure 1 depicts a recommended circuit model for ODAH.




Figure 1 | Diagram of the recommended logistic rout for home administration oncologic therapies.



Question 9. When should be considered ODAH and for what duration?

The inclusion of a cancer patient into ODAH will be based on compliance with the defined inclusion criteria. Once the oncologist has approved the treatment and the patient is considered a potential candidate, the Oncology Service is able to coordinate with the HaH Service to determine the patient’s eligibility.

Question 10. How should the telephone for medical support be implemented?

A dedicated telephone line for cancer patients has been shown to be effective in reducing unnecessary emergency evaluations and hospital admissions, leading to lower healthcare costs and improved patient quality of life. Oncologists and specialized nurses can detect potential adverse events early, reducing the need for hospital visits, while telephone support can enhance patient-centred care (33, 35).

Question 11. How could be defined the hospital logistic route?

Typically, oncology patients follow a pathway for treatment that includes: 1) access/referral to Oncology Service; 2) assessment and decision to treat; 3) patient consent for treatment. In home-based chemotherapy programs, eligibility for home-administered therapy is determined after the treatment decision has been made (16).



3.2.1 Recommendations of the experts panel for the section 2.

Table 6 contains the agreed recommendations regarding section 2.


Table 6 | Expert recommendations for logistical and administrative issues.







3.3 Section 3: economic, social and legal issues

Question 12. How can the efficiency of ODAH be determined?

Health interventions must provide information on their socio-economic value, including the economic impact and whether the additional benefit justifies the cost. Healthcare policy and decision-making processes are recognizing the need to limit resources to finance available interventions while incorporating the concept of opportunity cost from a societal perspective. Therefore, healthcare programs should consider incorporating health outcomes and their incremental costs to provide necessary evidence for evaluating new interventions. A similar methodology should be employed to evaluate the efficiency of ODAH.

Firstly, to evaluate the efficiency of ODAH, the perspective of the analysis has to be established. As ODAH has potential benefits for both patients and the Spanish NHS, the analysis should be conducted from a societal perspective, which considers direct healthcare costs such as the cost of medication, premedication, hydration, and used materials, as well as possible adverse reactions. Direct non-healthcare costs, such as patient or family transportation expenses, the cost of time spent on these trips, and the cost of time spent waiting, should also be considered. Finally, indirect costs such as losses in productivity should be factored in as well.

To optimize ODAH efficiency, experts suggest conducting societal perspective evaluations, which can benefit patients and public healthcare administration by reducing hospital load. For oncological therapies, recommendations include implementing efficiency analysis and considering greater patient comfort and satisfaction, avoiding travel, and reduced Services saturation. If only the Spanish NHS perspective is considered, the cost of home administration may appear higher than hospital administration.

To fulfil the quality-of-life assessment, it is essential to measure outcomes related with patient perception (Patient-Reported Outcomes Measures-PROM/Patient-Reported Experience Measures-PREM) through validated questionnaires (e.g., from CatSalut in the case of Catalonia, or from the Patient Care Unit of the reference hospital). Ultimately, the results obtained in HaH can be compared to those obtained in cost-benefit analysis of the Day Care Hospital.

The implementation of an ODAH offers numerous benefits for patients, caregivers, and society as: (i) it eliminates the need for patients and caregivers to travel to the hospital for oncological therapies, thus saving time and effort; (ii) it prevents work productivity losses for the patient’s family or caregivers who would have otherwise accompanied them to the hospital; (iii) it reduces the care burden at the oncological day hospital, freeing up critical hospital resources; (iv) it potentially improves adherence and persistence to treatment since nursing staff regularly visit the patient’s home. Without home administration, there is a potential risk of non-attendance, which could result in medication non-receipt; (v) patients may experience greater satisfaction with treatment and improved humanization of care, as the home environment reduces the feeling of medicalization and increases comfort during administration, potentially leading to an improvement in health-related quality of life.

In turn, adequate organizational support, including sufficient budgetary and human resources, is necessary to meet the needs of patients in implementing an ODAH. This includes incorporating qualified technical staff and obtaining appropriate materials to carry out the project effectively. It is also recommended to carry out a pilot program in order to conduct an economic evaluation (Figure 2).




Figure 2 | Factors to be considered for the implementation of a pilot study with the aim of assessing the efficiency of the ODAH.



Beyond this, other proposals could aid in implementing the ODAH setting, including the possibility of the laboratory covering the differential costs for home administration by sponsoring each patient attended or providing indirect resources, or by removing the VAT associated with drugs for home administration (as done in the United Kingdom) to utilize the potential savings to cover the additional expenses related (18).

In a systematic review by Cool et al. that evaluated the cost efficiency of Oncological Day Hospital at Home (ODAH), nine studies were reviewed (12). Of these, five studies estimate the difference in costs for one home-administered treatment versus hospital-administered from the perspective of the National Health Insurance. These studies reported reductions in costs (ranging from 9% to 53%) that favored home administration (12, 36, 37). Another study evaluated the cost per cycle and resulted in a 3.8% reduction of the costs from a societal perspective (12, 26). Additional systematic review, which included 13 heterogeneous articles, reported that home chemotherapy could result in savings ranging from $1,928 and $2,974 per treatment (38). Recent economic studies also suggest that ODAHs could lead to lower costs (39, 40). Nonetheless, current data do not fully confirm the potential cost reduction derived from home administration, but it is likely that better results of PROMs and PREMs would be obtained (12).

Question 13: How can the economic impact of ODAH be determined?

To conform with the guidelines presented in the CatSalut Guide for Economic Evaluations and Budgetary Impact Analyses, it is important to conduct separate assessments of an intervention’s efficiency and its economic impact in order to ensure proper evaluation (41).

As previously mentioned, the societal perspective is the most appropriate since it takes into account the benefits for the patient and their relatives and caregivers. Once the perspective has been defined, costs can be identified, quantified, and evaluated (42).

From a methodological perspective, it is necessary to conduct an economic impact assessment to estimate the difference in costs between ODAH and standard hospital administration (43, 44). To achieve this, two different scenarios should be developed for cancer patients who are suitable for home administration. In the current scenario, named as scenario 1, (S1; hospital administration) all patients received chemotherapy at the hospital, whereas in the potential scenario, named as scenario 2, (S2; home administration) all patients received the treatment at home. The economic impact of ODAH would be the difference between these two scenarios (Figure 3). Then, three possible results can be obtained after the estimation: 1) S1 costs higher than S2 costs; 2) S1 costs lower than S2; and 3) the same costs for S1 and S2.




Figure 3 | Scheme of the relevant aspects to consider during the economic evaluation of home-administered oncologic therapies.



While it would be reasonable to assume that the costs of scenario S1 would be comparable to those of scenario S2, if it is found that the costs of S1 are actually higher than those of S2, this could provide additional support for the adoption of ODAH programs from a healthcare administration perspective.

Question 14. Are there legal and ethical issues to be solved to implement the program?

Currently, there is no specific national legislation that regulates the ODAHs. Consequently, HCPs who provide home-administered treatments are legally covered as if they were delivering them at a hospital. Nevertheless, the administration of antineoplastic therapies must be carried out by qualified and experienced professionals to minimize potential risks for the patient and the handler. In case of accidental contamination such as breakage, spillage, or any other incident, the HCPs should be aware of the appropriate measures to manage it. Therefore, the administration of cytostatic agents should be restricted to HCPs who are trained and experienced in the safe handling of chemotherapeutic drugs (45).



3.3.1 Recommendations of the experts panel for the section 3.

Table 7 summarizes the agreed recommendations for the panel of experts regarding section 3.


Table 7 | Expert recommendations for economic, social and legal issues.








4 Conclusions

Home-based chemotherapy initiatives have emerged as a viable and safe alternative to traditional hospital treatment for oncology patients. These programs offer several advantages over traditional hospital-based treatment, including increased patient comfort and convenience, improved control of high-risk situations, and reduced costs and hospital overload. While most programs currently operate in urban environments where a high concentration of patients can be found, we believe that this strategy can also be successfully employed in areas with dispersed populations, as long as the travel time does not exceed 30-45 minutes. Furthermore, by providing patient-centered care and reducing the psychological and emotional burden of treatment, ODAH programs have the potential to significantly improve the quality of life of patients with cancer.

To support the development and implementation of these programs, a multidisciplinary group of experts have developed a list of recommendations based on the published literature and the collective expertise of the group aiming to serve as a foundation for the development of future initiatives.

Overall, ODAHs have the potential to revolutionize the way in which oncology patients receive treatment. By providing safe, effective, and patient-centered care, these programs can help to improve the overall experience of cancer treatment for patients and reduce the burden on healthcare systems. Also, an adequate financial investment and the training of specialized teams would be critical. It is therefore important that healthcare providers, policy makers, and other stakeholders work together to support the development and implementation of these programs to improve the quality of life for patients with cancer.
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Introduction

Breast cancer (BC) is the leading cause of cancer-related deaths among women, with triple-negative breast cancer (TNBC) representing one of the most aggressive and treatment-resistant subtypes. In this study, we aimed to evaluate the antitumor potential of C14 and P8 molecules in both TNBC and radioresistant TNBC cells. These compounds were chosen for their ability to stabilize the complex formed by the overactivated form of K-Ras4BG13D and its membrane transporter (PDE6δ).





Methods

The antitumor potential of C14 and P8 was assessed using TNBC cell lines, MDA-MB-231, and the radioresistant derivative MDA-MB-231RR, both carrying the K-Ras4B>
G13D mutation. We investigated the compounds' effects on K-Ras signaling pathways, cell viability, and tumor growth in vivo.





Results

Western blotting analysis determined the negative impact of C14 and P8 on the activation of mutant K-Ras signaling pathways in MDA-MB-231 and MDA-MB-231RR cells. Proliferation assays demonstrated their efficacy as cytotoxic agents against K-RasG13D mutant cancer cells and in inducing apoptosis. Clonogenic assays proven their ability to inhibit TNBC and radioresistant TNBC cell clonogenicity. In In vivo studies,  C14 and P8 inhibited tumor growth and reduced proliferation, angiogenesis, and cell cycle progression markers.





Discussion

These findings suggest that C14 and P8 could serve as promising adjuvant treatments for TNBC, particularly for non-responders to standard therapies. By targeting overactivated K-Ras and its membrane transporter, these compounds offer potential therapeutic benefits against TNBC, including its radioresistant form. Further research and clinical trials are warranted to validate their efficacy and safety as novel TNBC treatments.
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1 Introduction

Breast cancer (BC) is the most frequently diagnosed cancer and the leading cause of cancer deaths among women worldwide. In 2020 alone, BC accounted for 2.3 million new cases in women, representing 24.5% of the total cancer cases, with a 15.5% mortality rate among cancer cases (1, 2). This disease manifests as a highly heterogeneous and complex entity, encompassing various clinical and molecular subtypes, each posing distinct challenges. According to the expression of specific markers, such as estrogen receptor (ER), progesterone receptor (PR), epidermal growth factor receptor 2 (HER2), and the proliferation marker Ki-67, BC has been principally classified into five subtypes: luminal A, luminal B, luminal B-like, HER2-enriched, and triple-negative breast cancer (TNBC) (3). TNBC represents approximately 15%–20% of all breast cancer cases and is considered one of the most aggressive BC subtypes. It is characterized by the absence of ER, PR, and HER2 expression, coupled with elevated Ki-67 levels, leading to rapid growth, high recurrence rates, metastatic potential, worse prognosis, and limited treatment options than other BC subtypes (4, 5) (4, 6). Currently, the standard of care to treat high-risk and locally advanced TNBC is chemotherapy, radiotherapy, and, recently, immune checkpoint blockade (ICB) agents (7). Although all those therapeutic schemes have shown their effectiveness against TNBC, this is limited especially by the development of resistance, tumoral recurrences, metastasis, and the emergence of serious adverse side effects (8). For example, there is a 40% mortality rate within the first 5 years after diagnosis, and a substantial number of patients develop distant metastasis (46%) and recurrent disease after surgery (>25%) (6, 9). Additionally, the development of resistance to treatments in these patients has been observed. For example, a significant portion of TNBC patients are not able to respond to chemotherapy and radiation schemes (60%–70%). This tumoral aggressiveness has been associated with various factors. In this context, one of the most important events according to genomic landscape studies is the overactivation of KRAS and its associated signaling pathways, which are the driving force behind the malignant behavior observed in these tumors, including the acquisition of early tumor relapse, local invasion, and metastatic spread (10). Likewise, according to previous reports, patients who express overactive mutant forms of KRAS also have been associated with the development of chemoresistance (11, 12). In this case, although the development of chemoresistant phenotypes in TNBC is implicated in the activation of multiple signaling pathways, context-dependent compensatory pathway crosstalk, synergy, antagonism, and reconfiguration of signaling network (8), overactivation of the EGFR/K-RAS/MAPK pathway is highly prevalent in chemoresistant, recurrent, locally advanced, and metastatic TNBC (13).

Additionally, TNBC patients with KRAS mutations often display resistance to radiation therapy, a key component of breast cancer treatment. The resistance observed in TNBC patients may stem from the highly heterogeneous nature of these tumors such as high diversity in tumoral cell populations, the presence of cancer stem cells, and epithelial–mesenchymal transition characteristics. These factors can lead to a reduced response to radiotherapy (14, 15). Overcoming radioresistance in TNBC remains a critical area of research, with ongoing efforts focused on identifying novel therapeutic strategies to enhance the effectiveness of treatments and radiation therapy in this aggressive and challenging breast cancer subtype (15).

Considering this, KRAS has emerged as a promising therapeutic target. K-Ras4B is the more abundant isoform of the K-Ras protein (16). Mutant K-Ras4B is associated with various cancers, such as pancreatic cancer (60%), colon cancer (32%), lung cancer (17%), and approximately 5%–15% of breast cancers, including TNBC, and plays a role in tumorigenesis by driving key signaling pathways like RAF/MEK/MAPK (17). In the specific case of breast cancer, up to 23% of premenopausal women with TNBC have been shown to have higher rates of mutations in KRAS gene. Mutant KRAS in TNBC correlates with therapy resistance, reduced expression of estrogen receptor alpha (Erα), development of resistance to antiestrogen treatments, and negative prognostic outcomes, making it one of the pivotal factors in the progression of aggressive BC cases (18–20). With its role in driving TNBC, it offers an attractive target for therapeutic intervention, especially since patients with active mutant KRAS have an increased susceptibility to ovarian cancer as well (21). This not only highlights the significance of KRAS in promoting therapy resistance but also underscores its role in driving the development of the most aggressive forms of breast cancer.

Therefore, targeting the overactivated form of K-Ras4B emerges as a promising alternative for treating TNBC tumors, aiming to reduce Ras signaling-dependent pathways and signaling pathways associated with radioresistance (22). In oncogenic forms of K-Ras4B, 19 activating codon substitutions occur at codons 12, 13, or 61, displaying a specific pattern depending on the type of tumor. Notably, mutations in G12D, G12V, G12C, G13D, and Q61R collectively account for approximately 70% of all Ras-mutant patients (23). The substitution of glycine with aspartic acid at position 12 (G12D) is the most frequent, occurring in the range of 30% to 50% of solid tumors, with the highest incidence observed in pancreatic cancer and the lowest in lung adenocarcinoma but also is found in an isolated sample of TNBC (24). Another common mutation is G12V, which is the most prevalent in ovarian cancer and least common in cholangiocarcinoma. The G12C mutation is highly prevalent in lung adenocarcinoma (nearly 40%), but it occurs much less frequently in other tumors (approximately 10%) (25). G13D is primarily reported in colorectal cancer (12%) (26), but it is also found in the TNBC cell line MDA-MB-231 (27). Regarding Q61R, this codon represents only 2% of K-Ras4B mutations across all cancers and 5% in pancreatic ductal adenocarcinoma (PDAC) (28).

Although mutant forms of K-Ras4B play an essential role in the development, maintenance, and progression of breast cancer, there is limited information about the type and frequency of activating mutations in this neoplasia. For instance, the presence of the G12D mutation has been reported in an isolated sample of triple-negative breast cancer tumors (24). Similarly, the cell line MDA-MB-231 expresses the G13D form and is the only cellular model available to study the oncogenic function of K-Ras4B in BC.

Regarding the prevalence of K-Ras4B mutations in breast cancer, it has been reported to be between 7% and 12% (29). Specifically, the mutation frequency of K-Ras4B is 2% in luminal A tumors, 20% in luminal B tumors, 17.4% in HER2+ tumors, and 7.7% in TNBC (29). In this case, it is important to mention that there are few studies reporting the frequencies of mutant forms of this GTPase in breast cancer patients, and there are not enough studies demonstrating the specific types of mutations in patients with BC. As a result, the type, frequency, and effects of mutant forms of K-Ras4B on the population could be underestimated. For example, according to estimations made in 2018 by the United States, there were 268,670 new cases of breast cancer in that year. Even when considering a low frequency of K-Ras4B mutations in the population, it is estimated that there would be 3,578 cases associated with the presence of overactivated forms of K-Ras4B (30). Given the limited therapeutic options, the unfavorable prognosis, and the high amount of TNBC patients, the utilization of new drugs to decrease the mortality rate associated with this disease is essential.

However, targeting oncogenic forms of K-Ras4B has been a significant challenge due to its cellular localization requirements and the number of mutations. For this reason, our research group has been working in this area to propose a novel strategy to reduce the oncogenic potential of this protein. This new approach involves the use of a family of small molecules, including the compounds known as C14 and P8, which act as molecular staples (31–33). C14 is denoted as 2-[(3-chlorophenyl)-methyl-methyl-amino]-N-croman-4-yl-acetamide with a molecular weight of 344.83 g/mol. Five rotatable bonds, a hydrogen bridge donor atom, and three hydrogen bridge acceptor atoms are possessed by the molecule. The functional groups included benzopyrene or chromeno, which is a rigid structure formed by a benzene ring and a six-atom heterocycle with hydrogen at position 1 and a N-methylacetamide group (Supplementary Figure 1A). P8 is designated as 2-[4-(3-chlorophenyl)piperazin-1-yl]-N-[(4R)-chroman-4-yl]acetamide with a molecular weight of 385.9 g/mol and is an analog of the base compound C14 (Supplementary Figure 1B) (33). Both compounds are capable of binding to the complex formed by K-Ras4B and the phosphodiesterase subunit delta (PDE6δ) to reduce the activity of this GTPase and its associated signaling pathways. Through this strategy, it has been possible to disrupt tumor growth in xenograft mouse models, pancreatic cancer cell lines, and colon cancer cell lines as previously shown (31–33).

Considering the high mortality rate among patients with triple-negative tumors, coupled with their limited therapeutic options and the significant proportion of them developing resistance to conventional treatments such as radiotherapy, this study aims to assess the antitumor effects of the compounds known as C14 and P8 in models representing advanced stages of BC. For this purpose, the TNBC cell line MDA-MB-231 and the radioresistant TNBC MDA-MB-231RR (34) were employed. To the best of our group’s knowledge, these cell lines are the only in vitro models of BC that naturally express the K-Ras4BG13D mutant form. For this reason, they have been selected as models to represent the most aggressive form of BC.




2 Materials and methods



2.1 In silico docking simulations and molecular dynamics simulations

Compounds C14 and P8 were selected through docking from the ENAMINE database 3D Diversity set (www.enamine.net). The crystallographic structure of the wild-type (K-Ras4BWT/PDE6δ) system was derived from PDB file 5TAR. Mutation for obtaining the K-Ras4BG13D/PDE6δ complex was introduced with the mutagenesis tool in Molecular Operating Environment (MOE; www.chemcomp.com) followed by local energy minimization of the new side chain and then minimization of surrounding atoms. Docking studies were performed using both MOE and GOLD (35). Protein–protein interaction energies between K-Ras4BWT/PDE6δ and K-Ras4BG13D/PDE6δ systems with the C14 and P8 compounds were calculated using the HawkDock Server (http://cadd.zju.edu.cn/hawkdock/), taking into account force field interactions and solvation energies (36, 37).

Extensive docking calculations were conducted on the macromolecular system, initially through a blind search of the surface, followed by a focus on the resulting main cavity. In the case of MOE, a set of conformers was prepared using the MMFF94x force field, followed by five rounds of extensive testing; 15,000 poses for each conformer on the receptor target (crystallographic interface between K-Ras4B with PDE6δ) were evaluated. For GOLD, 100 different runs of the Genetic Algorithm were performed and scored using both ChemPLP and Goldscore. The best results from each program were rescored using the other software to compare the outcomes. The best overall score for each pose was selected for subsequent molecular dynamics simulations.

The molecular dynamics (MD) simulations of the wild-type and mutated K-Ras4BWT/PDE6δ–ligand complexes in the presence of C14 and P8 poses with the best binding scores predicted through docking studies were performed using MOE. For the K-Ras4BWT/PDE6δ–ligand complex, a periodic rectangular-shaped box of 48.7 × 73.1 × 60.9 Å was used with TIP3P water model (38–41). Cl− and Na+ ions for the protein–ligand system were placed in the model to neutralize the positive or negative charges around the complex at pH 7. Before the MD simulation, the system was minimized through 3,000 steps of steepest descent minimization, followed by 3,000 steps of conjugate gradient minimization. Then, the systems were heated from 0 K to 310 K during 500 picoseconds (ps) of MD with position restraints under an NVT ensemble. Subsequent isothermal, isobaric ensemble (NPT) of MD was carried out for 500 ps to adjust the solvent density followed by 600 ps of constant pressure equilibration at 310 K using the SHAKE algorithm (42) on hydrogen atoms, Langevin dynamics for temperature control, and a 12-Å cutoff for Van der Waals interactions. The equilibration run was followed by 100-ns-long MD simulations without position restraints under periodic boundary conditions using an NPT ensemble at 310 K. The particle mesh Ewald method was utilized to describe the electrostatic term (43). Temperature and pressure were preserved using the weak coupling algorithm (44) with coupling constants τT and τP of 1.0 ps and 0.2 ps, respectively (310 K, 1 atm). The time of the MD simulation was set to 2.0 femtoseconds, and the SHAKE algorithm (42) was used to constrain bond lengths at their equilibrium values. Coordinates were saved for analyses every 50 ps. AmberTools14 was used to examine the MD runs and clustering analysis to identify the most populated conformations during the equilibrated simulation time.




2.2 Calculation of binding free energies

Binding free energies were calculated using the molecular mechanics with a generalized Born and surface area (MMGBSA) approach (45–47) provided in the AMber16 suite (40). A total of 500 snapshots were chosen at time intervals of 100 ps from the last 50 ns of MD simulation using a concentration of 0.1 M and the generalized Born (GB) implicit solvent model (48). The binding free energy of the protein–ligand system was determined as follows:

 

 

ΔEforcefield represents the molecular mechanical force field’s total energy, including the electrostatic (ΔEele) and van der Waals (ΔEvdw) interaction energies. ΔGsolvation is the free desolvation energy price upon complex formation estimated from the GB implicit model and solvent-accessible surface area (SASA) calculations yielding ΔGele,sol, and ΔGnpol,sol. TΔS is the solute entropy arising from structural changes in the free solutes’ degrees of freedom when forming the protein–ligand complex.

Binding free energies along with their constituent energy components are presented for the complexes based on initially docked conformations, expressed in kcal/mol. The breakdown includes polar contributions (ΔEpolar = ΔEele + ΔGele,sol) and non-polar contributions (ΔEnon-polar = ΔEvwd + ΔGnpol,sol). All energy values have been averaged over 500 snapshots, obtained at 100-ps intervals during the concluding 50 ns of the MD simulations. The average standard error in ΔGbind amounts to 9 kcal/mol.




2.3 Cell culture

The human mammary cancer cell line MDA-MB-231 [HTB-26, American Type Culture Collection (ATCC) (Manassas, VA, USA)] was employed as TNBC cells. In this case, this cell line was selected.

MCF-7 [HTB-22, ATCC] as luminal A model and MCF-10A [CRL-10317, ATCC] as non-tumoral cells. All of them were purchased from the ATCC (Manassas, VA, USA). MDA-MB-231 cells were cultured in Leibovitz’s medium supplemented with antibiotics and 10% fetal calf serum (FCS) (Invitrogen, Carlsbad, CA, USA). MCF-7 was cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) also supplemented with 10% FCS and a mix of antibiotics. MCF-10A was cultivated in DMEM/F12 (Invitrogen) cell media, supplemented with 10% fetal bovine serum (FBS) and a mix of antibiotics. Finally, as radioresistant TNBC cells, the cell line MDA-MB-231RR was employed, which was kindly donated by Professor Elena Arechaga-Ocampo and grown as previously reported (34). All the cell lines were maintained under growth conditions at 37°C and 5% CO2 in a humidified atmosphere and used between 5 and 10 passage numbers.




2.4 Microscopy assays

Structural characteristics of the cellular models employed were evaluated by confocal microscopy of the F-actin arrangement following the procedure described elsewhere (49). In brief, cells were cultured on coverslips for 24 h. Then, F-actin was stained with phalloidin-rhodamine (Invitrogen) as described above, mounted on slides, and covered with Vectashield as an antifade mounting medium (Invitrogen). All the samples were then visualized in an A1 confocal microscope (NIKON, Tokyo, Japan) at 580-nm excitation and 604-nm emission (50).




2.5 Sequencing of exon 2 of KRAS gene

To verify the presence of the mutation c.38G>A in the exon number 2 of kras gene, genomic DNA (gDNA) was extracted from MCF-10A, MDA-MB-231, and MDA-MB-231RR cell lines and sequenced. gDNA was purified using the GenElute Mammalian Genomic DNA (gDNA) miniprep kit (Sigma-Aldrich, St. Louis, MO, USA). Subsequently, quantification of each gDNA sample was performed using NanoDrop 2000 equipment (Thermo Fisher Scientific, Waltham, MA, USA). Then, the integrity of each genomic DNA sample was verified by agarose gel electrophoresis. Both strands of the exon 2 of kras gene were sequenced with approximately 60 ng of gDNA as a template and the BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) according to the provider’s instructions. The following specific oligonucleotides (10 pM/µl) were employed for this purpose (NCBI Reference Sequence: NM_004985.5):

Forward: RASO1 5′-AAGGCCTGCTGAAAATGAC-3′,

Reverse: RASA2 5′-TGGTCCTGCACCAGTAATATG-3.

Electropherograms obtained were verified using the software ChromasPro 1.7.7 (51).




2.6 Wound-healing migration assay

To determine the cell migration ability of MCF-10A, MDA-MB-231, and MDA-MB-231RR cell lines, wound-healing migration assays were performed. In brief, every cell line was seeded into 6-well culture plates (Corning, New York, NY, USA) and cultured in a medium containing 10% FBS until confluent. Then, a wound was made on the cell monolayer by scratching it with a sterile 200-µl micropipette tip. Any cellular debris that was present was removed by washing with phosphate-buffered saline (PBS). Cells were allowed to migrate at 37°C in 5% CO2. Images of the wounded areas were taken at 0, 2, 4, and 6 h using a Leica epifluorescence microscope, with a 10× objective (Leica, Wetzlar, Germany). All experiments were performed in triplicate incubations. The images were analyzed with the aid of Leica software (Leica) (52).




2.7 Invasion assay

The invasion ability of MCF-10A, MDA-MB-231, and MDA-MB-231RR cells was evaluated by invasion of Transwell chambers coated with Basement Membrane Matrix Growth Factor Reduce Matrigel (Corning). MCF-10A, MDA-MB-231, and MDA-MB-231RR cells were seeded in the upper chamber of the Transwell at 250,000 cells/100 μl in serum-free media. In the lower chamber, 10% FBS was added as a chemoattractant. As a control, chambers without FCS were employed. Under all conditions, the cells were allowed to migrate to the lower chamber for 24 h at 37°C in 5% CO2 (53). Each condition was performed in triplicate. After this time of incubation, the non-migrated cells on the upper side of the porous membrane were removed using a cotton swab soaked with PBS. The cells that migrated across the porous membrane were fixed using 4% paraformaldehyde (PFA) and then stained with 0.1% Giemsa stain for cell counting using a Leica epifluorescence microscope with 10× objective (Leica). Afterward, the dye retained in the insert was extracted and transferred to a 96-well microtiter plate to be measured at 560 nm (54).




2.8 Quantitative pseudopodia assay

The number of cellular extensions present in MCF-10A, MDA-MB-231, and MDA-MB-231-RR cells was studied using the Chemicon Quantitative Pseudopodia Assay Kit (Corning). This system allows the insolation and quantification of extending or retracting pseudopodia from the cell body. In brief, porous membranes of Pseudopodia Quantification Inserts were coated with a Basement Membrane Matrix Growth Factor Reduce Matrigel (Corning). Later, the coated plates were incubated for 2 h to allow the gel to polymerize. Then, in the upper chamber of the inserts, 250,000 cells/100 μl of MCF-10A, MDA-MB-231, and MDA-MB-231RR were seeded in serum-free media. In the lower chamber of the inserts, 10% FBS was added as a chemoattractant. As a negative control, cells without chemoattractant were employed. All the samples were maintained for 2 h of incubation to leave an extension of pseudopodia through the pores of the membrane. At the end of the time, every insert was rinsed twice with 1× PBS, and the cell body was removed from the upper membrane surface by wiping with cotton. The cells that extend pseudopodia across the porous membrane were fixed with 4% PFA and then stained with Pseudopodia Stain Solution (Corning). Then, each insert was rinsed with water, and stained Pseudopodia was eluted with Stain Extraction Buffer (Corning). Eluted samples were measured at O.D. 600 nm in a microplate Synergy-HTX microplate reader (BioTek, Winooski, VT, USA). Each condition was performed in triplicate (55).




2.9 Cell viability assay and IC50 determination

In order to evaluate the effect of the C14 and P8 compounds over MCF-10A, MCF-7, MDA-MB-231, and MCF-MB-231-RR cell lines, the IC50 of those molecules was determined. In brief, all the cell lines were seeded at a density of 15,000 cells per well in a 96-well microtiter plate (Corning) in a corresponding growth medium for 24 h. Then, cells were treated with increasing concentrations (from 0 to 200 μM) of the C14 and P8 compounds (Enamine, Kyiv, Ukraine). As a positive control, increased concentrations of cisplatin (from 0 to 200 µM) (Accord, Mexico City, Mexico) were employed. Due to that, dimethyl sulfoxide (DMSO) was used as a vehicle, and its increased concentrations were evaluated as the negative control. All the samples were maintained under growth conditions for 24 h and 48 h. At the end of each time, cell viability was determined using the XTT Cell Proliferation Kit II (Roche Applied Science, Mannheim, Germany) following the manufacturer’s protocol. The absorbance was measured in a spectrophotometer Synergy-HTX (BioTek) at a wavelength of 450–500 nm with a reference wavelength of 650 nm. Cell proliferation was expressed as a percentage of viability [(absorbance of treated cells/absorbance of untreated cells × 100)] ± SD. All the assays were performed in triplicate, and IC50 values for 24 h (IC50-24) and 48 h (IC50-48) of each sample were calculated using the Prism 8 software (GraphPad, La Jolla, CA, USA).




2.10 Apoptosis assay

To determine if the C14 and P8 compounds were able to evoke cell death by apoptosis or necrosis, cell lines MCF-10A, MDA-MB-231, and MDA-MB-231RR were treated at IC50-24 for 24 h. Apoptosis and necrosis were determined using the Apoptosis/Necrosis Detection kit (Abcam, Cambridge, UK) according to the manufacturer’s instructions. In brief, approximately 500,000 cells were seeded in 6-well plates (Corning) for 24 h. Then, each cell line was treated with the respective IC50-24 concentrations of C14 and P8. As positive controls, 100 µM cisplatin and 0.5 µM doxorubicin were used as the compounds for 24 h. Cells were harvested and collected by centrifugation. All the samples were analyzed in triplicate using flow cytometry equipment FACSCalibur instrument (BD Biosciences, San Jose, CA, USA) at 530-nm excitation and 575-nm emission. Data analysis was performed using the FlowJo software (Tree Star Inc., Ashland, OR, USA). All experiments were performed in triplicate.




2.11 Clonogenic assay

The principal aim of a clonogenic assay is to evaluate the effect of chemotherapy agents or new drugs by the measurement of their ability to arrest tumor cell division and their ability to develop new colonies after their exposure to these new drugs (56). Therefore, the colony formation ability of the cell lines MCF-10A, MDA-MB-231, and MDA-MB-231RR was evaluated after their exposure to the C14 and P8 compounds. In brief, breast cancer cell lines were cultured in 6-well plates (Corning), seeding 300 cells per well, and incubated at 37°C in 5% CO2 for 24 h. Compounds C14 and P8 were added at the maximum evaluated concentration IC50-48. As controls, cells without treatment and cells treated in the presence of a vehicle (DMSO at 0.66%) were employed (Sigma-Aldrich). As a positive control, cells treated with conventional chemotherapeutic agents cisplatin (100 µM) and doxorubicin (0.5 µM) were employed. After 10 days of treatment, cells were fixed with 4% PFA and stained with 0.1% crystal violet in citric acid (Sigma-Aldrich) for 15 minutes. Subsequently, the dye present in the cells was extracted using isopropanol and read at 570 nm in a Synergy-HTX microplate reader (BioTek). Each test was performed in triplicate. Data were expressed as % colonies relative to the untreated control (56).




2.12 Ras activation assay

The inactivation of Ras by the C14 and P8 compounds, cisplatin, and doxorubicin was determined by pull-down assays using a Ras activation assay Biochem kit (Cytoskeleton, Denver, CO, USA). The cells were serum-starved for 16 h and pre-treated with C14 and P8 at IC50-48H concentration for 3 h or cisplatin and doxorubicin for 3 h. Subsequently, the cells were stimulated with epidermal growth factor (EGF) (100 ng/ml) for 10 minutes. Lysates (1 mg/ml) were exposed to Ras GTP-binding protein (Raf-RBD), following the manufacturer’s instructions. Experiments for each cell type and condition were repeated three times.




2.13 Western blotting assays

To determine the effect of the C14 and P8 compounds over the protein effectors of K-Ras4B, AKT, and ERK, immunoblotting assays were conducted with specific antibodies. In brief, MCF-10A, MDA-MB-231, and MDA-MB-231RR cells were plated in 100-mm culture dishes until 80% of confluents. Cell adhesion was allowed for 24 h. Later, cells were serum-starved for 16 h to be sequentially pre-treated with the IC50-48 of C14 and P8 for 3 h. Additionally, cells were exposed to cisplatin (100 µM) and doxorubicin (0.5 µM) for 3 h. After pre-treatment, cells were stimulated with 100 ng/ml EGF for 10 minutes to promote AKT and ERK activation. Later, the whole-cell extracts were obtained by the lysis of the cells (Cytoskeleton) in the presence of proteases and phosphatase inhibitors. Subsequently, the protein extracts were incubated at 4°C for 40 minutes to be clarified by centrifugation for 10 minutes at 14,000 rpm, at 4°C. The protein concentration of each extract was determined by using the Precision Red Advanced Protein Assay Reagent (Cytoskeleton) Then, approximately 25 μg of protein extract was electrophoresed in 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA). Blots were probed using the following primary antibodies: Total ERK (Cell Signaling, Danvers, MA, USA), pERK (Cell Signaling), Total AKT (Cell Signaling), pAKT (Cell Signaling), GSK3β (Cell Signaling), and cyclin D1 (Abcam) at a 1:1,000 dilution. As a control, an anti-GAPDH antibody (GeneTex, Irvine, CA, USA) was employed at a 1:100,000 dilution and γ-Tubulin (Invitrogen) 1:5,000. Densitometric analysis of blots was performed using the software ImageJ version 1.45 (National Institutes of Health, Bethesda, MA, USA).




2.14 Cell cycle analysis

MCF-10A, MDA-MB-231, and MDA-MB-231RR cells (1 × 106 cells/well) were either untreated (control group) or treated with C14, P8, cisplatin, and doxorubicin at IC50-48H dose for 3 h. After 3-h incubation, cells were harvested, washed twice in ice-cold PBS, and fixed overnight in 70% ethanol at 4°C. Then, cells were washed in PBS, collected by centrifugation, and stained with staining buffer (PBS with 50 µg/ml propidium iodide and 100 µg/ml RNase A).




2.15 Treatment of orthotopic breast carcinoma xenografts

Female immune-deficient Nu/Nu nude mice at 6–8 weeks of age (CINVESTAV, Mexico City, Mexico) were maintained in pathogen-free conditions with irradiated chow. The animals were subcutaneously injected in the left 4th mammary gland with 2 × 106 MDA-MB-231RR cells per tumor in 0.1 ml of sterile phosphate-buffered saline. When MDA-MB-231RR cells reached palpable tumors (≥100 mm3), mice were divided randomly into four groups receiving vehicle (10% DMSO, 0.05% carboxy methyl cellulose, and 0.02% in PBS) (n = 5), C14 at 30 mg/kg (n = 5), P8 at 10 mg/kg (n = 5), or cisplatin at 6 mg/kg (n = 5) intraperitoneally injected daily for 15 days. Body weight and tumor volume were measured every third day. Tumor sizes were calculated using the formula [(length × width2)/2] in mm.




2.16 Immunohistochemistry assays and digital pathology analysis

To determine the impact of C14 and P8 drugs on tumor inhibition, angiogenic, and cell cycle markers in a xenograft model, immunohistochemical assays and digital pathological analysis were conducted. For tissue preparation, 4-µm-thick tumor sections underwent a series of preparations: i) deparaffinization in xylene, ii) antigen retrieval in a sodium citrate buffer at pH 6, iii) blocking of endogenous peroxidase activity using a 10% hydrogen peroxide solution, and iv) non-specific binding blockade for 1 h. For the antibody incubation, the tumor sections were incubated with primary antibodies: Anti-Cyclin D1 (Abcam), Anti-PCNA (Abcam), Anti-CD31 (Abcam), Anti-VEGF (Abcam) at a 1:500 dilution.

The incubation with primary antibodies occurred at room temperature overnight. Subsequently, secondary antibody incubation was conducted. Then, the sections were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody for 30 minutes. Finally, visualization and staining were performed using a diaminobenzidine (DAB) detection system from Vector Laboratories, Inc. (Burlingame, CA, USA). Counterstaining was performed using hematoxylin.

For the mitotic index evaluation, hematoxylin and eosin (H&E) staining was conducted to calculate the mitotic index. From each H&E-stained tumor tissue, 10 random fields were captured at ×40 magnification, and the number of mitotic figures was counted. The average count was used to calculate the mitotic index using the following formula: Mitotic index = Number of mitoses/10.

For digital pathology analysis, the immunohistochemistry (IHC)-stained sections were digitized using an Aperio ScanScope CS2 from Leica Biosystems (Nussloch, Germany), which generated high-resolution ×20 digital images (0.45 µm/pixel). These images were analyzed using ImageScope (Aperio, San Diego, CA, USA) to quantify marker expression. Then, a quantification algorithm was developed for each tissue to assess total and nuclear protein expression. The ImageScope allowed setting thresholds for color saturation and defining upper and lower limits for intensities of weak, moderate, and strong positive pixels. Lastly, the raw data encompassed the number of positive pixels and the intensity of positive pixels, which were normalized to the number of total pixels counted in µm2. Data were presented as total density per µm2.




2.17 Statistical analysis

All data were analyzed using Prism 8 software (GraphPad). Likewise, all of them were expressed as the mean ± standard deviation (SD). Experimental points were gathered for a minimum of three independent experiments. An unpaired Student’s t-test was used for the comparison of two groups. A value of p< 0.05 was considered significant.





3 Results



3.1 P8 stabilizes the K-Ras4BG13D/PDE6δ system more effectively than C14

As previously shown by our research group, the C14 and P8 compounds belong to the family of molecules that are able to specifically bind to and stabilize the mutated complex of K-Ras4Bmut/PDE6δ in G12C, G12V, and G12D K-Ras4B mutant pancreatic cell lines, disrupting its localization, activation, and inhibition of oncogenic Ras signaling in pancreatic cancer cells (33). For this reason, we evaluated if these compounds were also capable of stabilizing the complex formed by the exclusive mutant form of K-Ras4B reported in breast cancer K-Ras4BG13D and this membrane transporter PDE6δ (K-Ras4BG13D/PDE6δ) to inhibit its oncogenic activity.

To evaluate the ability of C14 and P8 to stabilize the mutated complex K-Ras4BG13D/PDE6δ, docking and MD simulations were performed. The lowest binding free energy poses of C14 and P8 within the K-Ras4BG13D–PDE6δ-HVR2 system, which were predicted through docking studies, were used as starting conformers to run 100-ns-long MD simulations. Representative protein-ligand conformations were obtained over the equilibrated simulation time (last 50 ns) using clustering analysis. Structural analysis of the representative conformations showed that C14 within the K-Ras4BG13D–PDE6δ-HVR2 system was bound through hydrophobic interactions by five residues from K-Ras4BG13D (R41, I36, Y64, Y40, and M67) and PDE6δ (F96, F94, F92, L108, and F91) (Figure 1A; Supplementary Table 1). P8 within the K-Ras4BG13D–PDE6δ-HVR2 complex was stabilized through non-polar interactions by the same five residues of K-Ras4BG13D (Supplementary Table 1) observed for the C14 compound and five residues of PDE6δ (F96, F94, F92, L108, and Q106) (Figure 1B; Supplementary Table 1). These results show that both compounds interact with the same amino acid residues, which suggests that the simultaneous binding of the two compounds could indicate a competitive interaction with the K-Ras4BG13D mutant complex. This competition for the binding site was also verified by synergic assay where the cytotoxic effect of both compounds was almost additive but not synergic.




Figure 1 | Protein–ligand interactions between compounds C14 and P8 and the K-Ras4BG13D–PDE6δ-HVR2 system. (A) Complex of K-Ras4BG13D/PDE6δ-HVR2 and C14. (B) Complex of K-Ras4BG13D/PDE6δ-HVR2 and P8. The interaction energy between PDE6δ protein and the GTPase K-Ras4BG13D in the complex increases due to the action of compounds C14 and P8. K-Ras4BG13D is shown in blue, PDE6δ-HVR2 protein in green, C14 in purple, and P8 in cyan. Position of GDP nucleotide in the complex (spheres in red, gray, and purple) is observed in the images.



Based on free energy (ΔGbind) data calculated using Equations 1 and 2, for free K-Ras4BG13D/PDE6δ-HVR2, this energy was increased in complexes that contain C14 or P8. Table 1 shows that all the complexes exhibited favorable ΔGbind values, where the non-polar (ΔEnon-polar = ΔEvwd + ΔGnpol,sol) contributions guided the molecular recognition. The ΔGbind values also showed that K-Ras4BG13D–PDE6δ binding was energetically more favorable for P8 (−497.8 kcal/mol) than for C14 (−490.2 kcal/mol). These results showed that the mutant form of KRas4B, KRas4BG13D, improved its affinity for PDE6δ compared with the wild-type system from −406.9 to −484.9 kcal/mol. KRas4BG13D also increased its affinity for PDE6δ when C14 or P8 stabilized the K-Ras4BG13D/PDE6δ system compared with free K-Ras4BG13D/PDE6δ or K-Ras4BWT/PDE6δ systems (Table 1). Comparing compound C14 to P8 revealed that compound P8 may be better capable of stabilizing the K-Ras4BG13D/PDE6δ system.


Table 1 | Binding free energy components of protein–protein complexes (in kcal/mol units).






3.2 C14 and P8 compounds decrease cellular viability of TNBC cell lines

According to these results, C14 and P8 may have a cytotoxic effect on breast cancer cells. To validate this hypothesis, we evaluated the effect of both molecules in the cell lines MCF-10A as a control and MDA-MB-231 as TNBC cells that naturally express the mutant form K-Ras4BG13D. TNBC K-Ras mutant has a high propensity for developing resistance to radiation therapy. This resistance often leads to increased cancer recurrence and more aggressive behavior. By using a radioresistant cell line MDA-MB-231RR, we simulated the clinical challenges of treating radioresistant breast cancer, which is crucial for assessing the effectiveness of potential therapeutic agents. We verified the presence of K-Ras4BWT in MCF-10A and MCF-7 as well as K-Ras4BG13D in MDA-MB-231 and MDA-MB-231RR by sequencing of exon 2 (Supplementary Figure 2).

First, we validated the oncogenic potential of the radioresistant cells as a suitable model. The results demonstrated that these cells exhibited a notably high migration and invasion capability (Supplementary Figure 3). Additionally, the radioresistant cells displayed a significantly higher migration velocity compared to their parental counterparts, indicating their heightened aggressiveness (Supplementary Figure 3). Likewise, MDA-MB-231 displayed a spindle-like, metastatic appearance with stress fibers, while MDA-MB-231RR differed by less stress fibers and exhibited numerous vacuoles or villi (Supplementary Figure 4). Thus, these findings establish MDA-MB-231RR cells as a model for radioresistant-TNBC with a heightened oncogenic potential and confirm their preservation of typical markers from their parental cell lineage.

To determine whether C14 and P8 have a cytotoxic effect on breast cancer cell lines, an XTT assay was employed under experimental conditions for 24 h and 48 h. Antiproliferative effects of both compounds on MDA-MB-231 and MDA-MB-231RR cell lines were clearly observed. In contrast, a diminished cytotoxic effect was observed in the non-tumoral MCF-10A cell line (Figure 2A–C). Likewise, the IC50 values obtained for this cell line were greater than 200 µM at 24 h and 48 h post-treatment. According to statistical analyses using the “Sidak Bonferroni-type multiple comparisons” and “Multiple t-tests Holm–Sidak method”, concentrations higher than 100 µM and 150 µM are required to observe any effect of the compounds on cell viability in the control cells for C14 and P8, respectively. In comparison, in the TNBC and radioresistant TNBC cell lines, the compounds began to affect their viability at concentrations starting from 10 µM at 48 h. This suggests that C14 and P8 would not significantly reduce the viability of the non-tumoral cell line (Figure 2A).

In contrast, a significant cytotoxic effect of both compounds was observed on MDA-MB-231 (Figure 2B). Significance was noted from concentrations as low as 10 μM compared to the vehicle (DMSO) at 48 h. A similar pattern was observed in the radioresistant MDA-MB-231RR cell line, where the compounds exhibited a significant inhibitory effect on viability at 48 h, starting from 10 µM and 30 µM for P8 and C14, respectively (Figure 2C). Based on this information, C14 and P8 are able to promote diminution in cell viability of tumoral cells. The aforementioned statistical analyses suggested that the compounds demonstrate greater efficacy against triple-negative breast cancer cell lines with KRAS mutations compared to the non-tumorigenic control line. The improved effect of both compounds for the K-Ras4BMUT form could be explained based on the more favorable ΔGbind values observed for the K-Ras4BG13D/PDE6δ complex. These data propose a preferential impact on aggressive breast cancer cells over non-tumoral cells.

To demonstrate the specific effects of C14 and P8 on cells expressing K-Ras4BG13D, their cytotoxic effect was assessed on the MCF-7 cell line, which expresses the wild-type form of K-Ras4B (27) (Figure 2D). The cytotoxic effect of C14 and P8 on MCF-10A, MDA-MB-231, MDA-MB-231RR, and MCF-7 cell lines was represented by the corresponding IC50 values (Table 2). As observed for MCF-10A cells, there was no significant effect on cell viability by both molecules (C14, IC50-48: 310.2 ± 210.0 μM; P8, IC50-48: 907.1 ± 291.0 μM) (Table 2). This result suggests that the compounds did not affect the growth of non-tumoral breast cells. However, in these control cells, the chemotherapeutic agent cisplatin reduced cellular viability by more than 90% at low concentrations (IC50-48: 5.9 ± 1.6 μM) (Table 2).




Figure 2 | Compounds C14 and P8 decrease the cellular viability of breast cancer cells that express K-Ras4BG13D. (A) Dose–response curve of non-tumor MCF-10A cells treated with increasing concentrations of C14 and P8 compounds. (B) Dose–response curve of K-Ras4BG13D in MDA-MB-231 cells treated with increasing concentrations of C14 and P8 compounds. (C) Dose–response curve of radioresistant MDA-MB-231RR cells treated with increasing concentrations of C14 and P8 compounds. (D) Dose–response curve of no mutant KRAS MCF-7 cells treated with increasing concentrations of C14 and P8 compounds. Concentration–response curves were evaluated after 48 h of exposure with increasing concentrations of C14 and P8 (0 to 200 µM) and show normalized percent activity for the individual doses. Cisplatin (0 to 200 µM) was used as a control, and maximal concentration of the vehicle (dimethyl sulfoxide (DMSO)) was evaluated. The line graph represents the mean means ± SEM from three independent experiments (*p< 0.05, **p< 0.01 compared to vehicle).




Table 2 | IC50 values were calculated for several compounds in each cell line.



In contrast, a cytotoxic effect of both compounds was observed in the triple-negative line MDA-MB-231. The IC50-48H values of 60.0 ± 6.6 µM and 63.2 ± 10.6 µM for C14 and P8, respectively, underscored their similar efficacy in suppressing TNBC cell viability (Table 2). This contrasted with cisplatin, for which an IC50-48 value nearly 40-fold higher was required when compared to MCF-10A cells (296.8 ± 34.8 μM) to achieve a comparable effect (Table 2). Likewise, the radioresistant MDA-MB-231RR cell line exhibited a comparable response to compound C14 with calculated IC50-48 values of 70.6 ± 3.5 µM (Table 2). In the case of P8, there was an effective response but with a higher IC50-48, which was 156.4 ± 28.4 µM (Table 2). Notably, the IC50-48 value for cisplatin, when evaluated in this context, was 103.6 ± 8.7 μM. Thus, these findings underscore the potential of C14 and P8 in both the parental and radioresistant TNBC cell lines. Their lower IC50-48 values compared to cisplatin suggest their promising role in addressing the challenges posed by drug resistance in TNBC treatment.

In comparison with cells that expressed the mutant form of KRAS gene, a major concentration of C14 was necessary to impact the cell viability of MCF-7 cells. The IC50-48 values obtained for this cell line were 134.5 ± 10.5 µM for C14 and 103.6 ± 49.8 µM for P8 (Table 2). It is important to note that despite this cell line being KRASwt, a cytotoxic effect was observed, but the IC50-48 values were slightly higher than those obtained for mutant cell lines. Finally, MCF-7 cells exhibited more sensitivity to cisplatin with an IC50-48 value of 67.3 ± 20.6 µM (Table 2). Thus, our findings demonstrate that C14 and P8 have the potential to reduce the viability of breast cancer cell lines, with their primary efficacy against triple-negative and radioresistant cells and especially against the K-Ras4B mutant variants.




3.3 C14 and P8 compounds induce apoptosis in breast cancer cell lines

Mechanisms underlying these cytotoxic effects observed in TNBC and radioresistant cell lines were further investigated by flow cytometric assays by determination of percentage (%) of apoptosis cells (Annexin V) or % of necrosis (propidium iodide) following exposure to C14 and P8 being quantified employing the IC50-24 of each compound (Figure 3A). MDA-MB-231 cells showed that compound C14 promoted cell death via apoptosis in up to 18.52% of cells, with a minimal necrotic effect at 0.56%. Remarkably, P8 demonstrated even greater apoptotic potential, inducing cell death through apoptosis in 48.5% of cells and necrosis in 4.28% of the same cell line. In comparison, the chemotherapeutic agents cisplatin and doxorubicin promoted cell death via apoptosis in a lower percentage, 13.71% and 4.65% of cells, and greater necrosis in 2.14% and 9.20% of cells, respectively, compared to C14 and P8 (Figure 3C).




Figure 3 | C14 and P8 compounds induce apoptosis in breast cancer cell lines. (A) Flow cytometric analysis diagram of compounds C14 and P8 for MCF-10A, MDA-MB-231, and MDA-MB-231RR cell lines. Evaluation of apoptosis/necrosis rate was conducted in a 24-h incubation period of compounds C14 and P8 at IC50-24 concentrations and Annexin V–propidium iodide staining. Cells kept in a growth medium or presence of vehicle (dimethyl sulfoxide (DMSO)) were included as control. Chemotherapeutic agents, 100 µM cisplatin and 0.5 µM doxorubicin for 24 h, were included as positive controls. (B) Graphical representation of percentage of live cells, apoptotic cells, and necrotic cells of MCF-10A in each condition. (C) Graphical representation of percentage of live cells, apoptotic cells, and necrotic cells of MDA-MB-231 in each condition. (D) Graphical representation of percentage of live cells, apoptotic cells, and necrotic cells of MDA-MB-231RR in each condition. Graphed results are means ± SEM from three independent experiments (*p< 0.05, **p< 0.01 compared to vehicle).; ns, not significant.



In the case of the MDA-MB-231RR cell line, C14 promoted cell death primarily through apoptosis in up to 21.62% of cells, with a minimal necrosis of only 0.13%. Compound P8 exhibited a remarkable capability to induce apoptosis in 72% of cells, while necrosis was observed in 1.75% of cells. Conversely, cisplatin induced apoptosis in up to 19.13% of cells, with necrosis in 0.40% of cells. Notably, the efficacy of doxorubicin was limited in radioresistant cells, inducing apoptosis in only 0.61% of cells and necrosis in 1.28% of cells (Figure 3D). According to these data, C14 and P8 reduced the growth of aggressive and radioresistant breast cancer cells, with a strong emphasis on apoptosis as the primary mode of action (57).

In contrast, neither C14 nor P8 induced significant cell death in normal breast MCF-10A cells, with viability at 91.1% and 94.3%, respectively. Conversely, cisplatin promoted apoptosis in over 70% and 5.46% of necrosis in normal breast cells. Doxorubicin also exhibited potent cytotoxic effects, leading to apoptotic cell death in up to 11.54% of cells and a necrotic cell death rate of 5.46% (Figure 3B).

These compelling findings not only reaffirm the cytotoxic potential of C14 and P8 but also shed light on their distinctive mechanisms of action. Particularly, P8 emerges as an inductor of apoptosis, an important pathway in the field of targeted cancer therapy. This revelation not only underscores the promise of C14 and P8 but also adds a significant dimension to their potential therapeutic applications, particularly in the challenging context of radioresistant cancer cells.




3.4 C14 and P8 compounds inhibit colony formation of breast cancer cell line

To assess the presence of cells capable of maintaining their proliferative capacity as colonies following exposure to the C14 and P8 compounds, clonogenic assays were conducted. After a period of 10 to 12 days, it was evident that in the case of MCF-10A, both compounds were not able to significantly impact the rate of growth of these non-tumoral cells. Specifically, C14 reduced the growth of 14% of colonies, and P8 reduced the growth of 48% of colonies (Figure 4A). Cisplatin significantly reduced the growth of 95% of colonies, while doxorubicin reduced the growth of up to 90% of colonies (Figure 4B).




Figure 4 | P8 inhibits the colony formation capability of triple-negative breast cancer (TNBC) and radioresistant cells. (A) Colony formation of MCF-10A cells after exposure to C14 and P8 compounds at IC50-48 value for 10 to 12 days. (B) Colony formation of MDA-MB-231 cells after exposure to C14 and P8 compounds at IC50-48 for 10 to 12 days. (C) Colony formation of MDA-MB-231RR cells after exposure to C14 and P8 compounds at IC50-48 for 10 to 12 days. Cells without treatment and cells treated with vehicle (dimethyl sulfoxide (DMSO) at 0.66%) were employed as controls. Cells treated with chemotherapeutic agents, 100 µM cisplatin and 0.5 µM doxorubicin, were employed as positive control. Bar charts show the percentage of counted colonies relative to control untreated cells and represent the means ± SEM of three independent experiments (*p< 0.05, **p< 0.01 versus control cells).; ns, not significant.



In the case of MDA-MB-231 cells, both C14 and P8 led to an important decrease in colony formation, with reductions of up to 95% observed (Figure 4B). As expected, conventional chemotherapeutic agents, cisplatin and doxorubicin, were able to induce a significant reduction of colony growth (Figure 4B). Notably, P8 demonstrated a potent inhibitory effect on colony formation in MDA-MB-231-RR, with a reduction of up to 99%. In the case of C14, an inhibitory effect on colony formation with a reduction of up to 90% was observed in MDA-MB-231-RR cells (Figure 4C). Likewise, cisplatin (99% reduction in colony formation) and doxorubicin (90% reduction in colony formation) were both able to reduce colony growth (Figure 4C). In summary, the P8 compound efficiently inhibited colony formation in both MDA-MB-231 and the radioresistant cells, MDA-MB-231-RR. Although the C14 compound was effective against MDA-MB-231, nearly 10% of MDA-MB-231-RR colonies persisted.

These results highlight the significant implications of treatment-resistant cells, where C14 and P8 were effective in reducing colony formation in MDA-MB-231, particularly P8, which was the most effective in radioresistant MDA-MB-231-RR cells. In contrast, no significant impact was observed in MCF-10A with the C14 compound. However, P8 exhibited a 40% reduction in colony formation in this cell line. While this effect is less pronounced compared to its impact on cancer cell lines, it may be attributed to the intrinsic chemical characteristics of P8 within the complex K-Ras4B/PDE6δ that make it, in general, a more potent compound.




3.5 Significant reduction in Ras activation observed in the presence of compounds C14 and P8

To further validate whether the specific impact of compounds C14 and P8 on TNBC and radioresistant cell lines is mediated through the reduction of Ras protein activation, pull-down assays were conducted within breast cancer cell lines, as illustrated in Figure 5.




Figure 5 | Amount of active Ras after cell exposure with C14 and P8. (A) MCF-10A cells that express the wild-type isoform of K-RAS4B. (B) MDA-MB-231 cells that express the mutant form K-Ras4BG13D were treated with C14 and P8 for 3 h. (C) MDA-MB-231RR cells were also observed to have an important reduction of bound-GTP form of Ras, principally with P8 molecule. Dimethyl sulfoxide (DMSO) was employed as vehicle, and cisplatin and doxorubicin were employed as negative controls. Graphics represent the quantitative analysis of three independent assays. In blots, GAPDH was employed as loading control. Graphed results are means ± SEM from three independent experiments (*p< 0.05, **p< 0.01 compared to vehicle).; ns, not significant.



In the MCF-10A cell line, exposure to C14 and P8 resulted in a reduction in Ras-GTP by approximately 40% (Figure 5A). In this case, also the compound doxorubicin reduced the amount of Ras-GTP by 40%, probably by a non-specific cell death effect. In contrast, cisplatin did not show an effect. Likewise, although the presence of C14 did not lead to a notable reduction in Ras-GTP levels (20%), compound P8 caused a dramatic reduction of over 80% in MDA-MB-231 cells (Figure 5B). These effects persisted in the radioresistant cells, with a decrease of approximately 20% in Ras-GTP levels with C14 and a more significant reduction of over 60% with P8 (Figure 5C).

According to the data shown, compounds C14 and P8 have an effect on the MCF-10A line at short exposure times (3 h). The reduction in K-Ras-GTP activity could be a result of the low activity levels of this molecule in non-tumor cells. On the contrary, compound C14 did not show a substantial effect on K-Ras activity in MDA-MB-231 and MDA-MB-231RR. This apparent lower effectiveness could be explained by two aspects: the abundant activity levels of this GTPase in cancer cell lines and the short exposure time to the compounds. Probably, C14 requires longer periods of time to affect its target. In the case of P8, a potent reduction in Ras-GTP levels is observed in both tumoral cell lines. This could be because this molecule exhibits a more powerful effect in a short time due to its chemical characteristics.




3.6 Compounds C14 and P8 decrease Ras activity and inhibit AKT and ERK phosphorylation in MDA-MB-231 and MDA-MB-231RR cells

Furthermore, it has been widely reported that molecules downstream of K-Ras4B, such as pAKT and pERK, are related to the signaling pathways involved in cell survival and differentiation. In order to ascertain whether the effect of the C14 and P8 compounds on the Ras activation negatively impacts the activation of critical downstream molecules regulated by K-Ras4BG13D, the levels of pAKT and pERK activation in MCF-10A, MDA-MB-231, and MDA-MB-231RR cells were determined by Western blotting (Figure 6). Densitometric analysis of the blots revealed in the graph that in MCF-10A, there was a reduction in the phosphorylation levels of pERK (40%) and pAKT (25%) after exposure to C14 and P8 (Figure 6A, upper and middle panel). In MDA-MB-231, C14 and P8 exhibited a significant impact by diminishing pERK up to 70% with both compounds (Figure 6B, middle panel). Likewise, there was a substantial reduction in the levels of pAKT in these cells treated with P8 (up to 70%) and C14 (up to 60%) (Figure 6B, upper panel). In MDA-MB-231-RR cells, C14 induced a reduction of approximately 30% in pERK, while a 35% reduction in pERK was observed with P8 (Figure 6C, middle panel). However, there was a marked reduction in pAKT levels with both compounds (>70%) (Figure 6C, upper panel).




Figure 6 | Compounds C14 and P8, decrease AKT and ERK phosphorylation. (A) Representative immunoblots of whole protein extracts from MCF-10A, plotted against total AKT and ERK proteins and phosphorylated AKT and ERK forms. (B) Representative immunoblots of whole protein extracts from MDA-MB-231, plotted against total AKT and ERK proteins and phosphorylated AKT and ERK forms. (C) Representative immunoblots of whole protein extracts from MDA-MB-231RR, plotted against total AKT and ERK proteins and phosphorylated AKT and ERK forms. Cells were treated with C14 and P8 at IC50-48, Cisplatin at 100 µM and Doxorubicin at 0.5 µM for 3 h. Cells kept in growth media or media plus vehicle (DMSO), were employed as control. After pre-treatment, cells were stimulated with 100 ng/ml EGF for 10 minutes to promote AKT and ERK activation. GAPDH was plotted with specific antibodies as control. Graphed results are means ± SEM from three independent experiments of pAKT and pERK (*p < 0.05, **p < 0.01 compared to vehicle).; ns, not significant.



These findings demonstrate that C14 and P8 reduce the activity of signaling pathways regulated by K-Ras, primarily via pAKT, in tumoral and radioresistant breast cancer cell lines. In the case of MDA-MB-231, there was a clear reduction in pERK after exposure to C14 and P8. Conversely, a non-clear effect was observed in MDA-MB-231RR, likely due to its more aggressive genotype. However, the clear impact of both compounds on pAKT suggests their potential use as therapeutic options against TNBC and radioresistant TNBC.




3.7 Radioresistant-related signaling pathway effect and induction of cell cycle arrest in human radioresistant breast cancer cells by compounds

To determine the effects observed of compounds C14 and P8 on the AKT activation on radioresistant cells, the pathway associated with cell proliferation via K-Ras4B negatively impacts the radiation resistance acquisition pathways regulated by this kinase, particularly the AKT/GSK3β/cyclin D1 pathway. The protein levels of cyclin D1 and Glycogen Synthase Kinase-3β (GSK3β) were evaluated in MCF-10A, MDA-MB-231, and radioresistant MDA-MB-231RR cell lines.

This method was adopted, considering that human tumor cells develop radioresistance when exposed to fractionated X-ray radiation (FR) (34, 58). Likewise, during this process, cyclin D1 is overexpressed to potentially enhance tumor cell proliferation (59). Densitometric analysis of blots showed that in MCF-10A, there was a 40% reduction in cyclin D1 protein after exposure to C14 and P8, compared to controls (media and DMSO) and chemotherapeutic agents (cisplatin and doxorubicin) (Figure 7A, upper panel). In MDA-MB-231, both molecules reduced the expression of cyclin D1 by 20%. There was no significant effect in controls and doxorubicin. On the contrary, cisplatin reduced the expression of cyclin D1 by 10% (Figure 7B, upper panel). In radioresistant MDA-MB-231-RR cells, there was a significant reduction in cyclin D1 with the C14 compounds (40%). However, P8 diminished the expression of cyclin D1 by 18%. Finally, cisplatin and doxorubicin reduced the presence of cyclin D1 by 20% (Figure 7C, upper panel). According to the results, cyclin D1 levels in tumoral cells were consistently higher than those observed in control cells, and both compounds showed a potent effect. This difference could be attributed to the elevated levels of cyclin D1 in tumor cell lines (60).




Figure 7 | Compounds C14 and P8, decrease GSK3β and Cyclin D1. (A) Representative immunoblots of whole protein extracts from MCF-10A, plotted against total Cyclin D1 and GSK3β proteins. (B) Representative immunoblots of whole protein extracts from MDA-MB-231, plotted against total Cyclin D1 and GSK3β proteins. (C) Representative immunoblots of whole protein extracts from MDA-MB-231RR, plotted against total Cyclin D1 and GSK3β proteins. Cells were treated with C14 and P8 at IC50-24, Cisplatin at 100 µM and Doxorubicin at 0.5 µM for 3 h. GAPDH and γ- Tubulin was plotted with specific antibodies as loading control. Quantitative representation of 3 independent immunoblots studies, are shown in the upper and middle graphs, respectively. Graphed results are means ± SEM from three independent experiments of pAKT and pERK (*p < 0.05, **p < 0.01 compared to vehicle).; ns, not significant.



In contrast, although the impact of ionizing radiation on GSK3β is multifaceted, it could be associated with the expression of cyclin D1 (61). In this case, administration of C14 in MCF-10A reduced the amount of GSK3β by 10%. By P8, the reduction was 40% (Figure 7A, middle panel). By MDA-MB-231, C14 did not show an effect on this molecule. In contrast, in this cell line, the P8 compound reduced the expression of GSK3β principally by 40% (Figure 7B, middle panel). Finally, in MDA-MB-231RR, P8 and C14 respectively reduced 25% and 50% the expression of GSK3β (Figure 7C, middle panel). These data suggest that in MDA-MB-231RR cells, C14 principally inhibits the effect of GSK3β/cyclin D1 molecules probably via AKT. However, these aspects must be studied in greater depth.

To investigate the mechanism behind the anticancer activity of C14 and P8 and their increased sensitivity in radioresistant breast cancer cells, we analyzed the cell cycle distribution using flow cytometry. As shown in Figure 8, the majority of MCF-10A control cells remained in the G1 phase even after treatments (Figures 8A, B). Treatment with doxorubicin and cisplatin showed a similar number of cells arrested in the S phase (Figures 8A, B). Additionally, we observed that most of the MDA-MB-231 cells were arrested in the G0/G1 phase compared to the control (Figures 8A, C). The percentage of cells in G2/M decreased from 10.0% to 6.4% and 8.2% after treatment with C14 and P8, respectively, but increased after treatment with doxorubicin (Figures 8B, D). MDA-MB-231RR cells were also arrested in the G0/G1 phase compared to the control after treatment and exhibited a decrease in the S phase from 35.6% to 20.7% and 26.4% after treatment with C14 and P8, respectively (Figures 8C, D). Notably, there were no significant changes in the G2/M phase of the MDA-MB-231RR cells following treatment. Additionally, a slight increase in apoptotic cells was observed in the RT group compared to the control.




Figure 8 | Compounds induced G0/G1 cell cycle arrest and apoptosis in radioresistant cells. (A) A representative histogram of propidium iodide (PI) staining in breast cancer (BC) cells. (B) MCF-10A cell population proportion in each cell cycle phase. (C) MDA-MB-23 cell population proportion in each cell cycle phase. (D) MDA-MB-231RR cell population proportion in each cell cycle phase. After 3 h of treatment with C14, P8, cisplatin, and doxorubicin. Graphed results are means ± SEM from three independent experiments of pAKT and pERK (*p< 0.05, **p< 0.01 compared to media).



The arrest of TNBC and radioresistant TNBC cells in the G0/G1 phase and the reduction of cells in the S phase following treatment with the C14 and P8 compounds, principally in the context of MDA-MB-231RR, imply a disruption in the cell cycle progression. It is a mechanism often targeted in cancer therapy to inhibit the uncontrolled growth of cancer cells particularly concerning treatment-resistant cells.




3.8 Inhibition of tumor growth in a radioresistant breast cancer xenograft mouse model by compounds C14 and P8

Based on the effectiveness of C14 and P8 obtained in vitro, specifically the reduction in the proliferation and growth of radioresistant cells, the antitumor activity of both molecules was evaluated using an in vivo model. To accomplish this, highly aggressive radioresistant cancer cells, MDA-MB-231 RR, were subcutaneously inoculated into female Nu/Nu mice to closely monitor tumor growth. The different treatments were administered via intraperitoneal (i.p.) injection daily for 2 weeks (Figure 9A). The results showed a 40.0% reduction in tumor size in mice treated with compound C14 and a 41.6% reduction in those treated with P8. It is crucial to note that these treatments, administered at 30 mg/kg, were well tolerated by the mice, with no weight loss or impact on their overall survival rates observed. Conversely, mice treated with cisplatin (6 mg/kg) experienced over a 20% weight decrease within the first 5 days of treatment, necessitating ethical considerations for the wellbeing of the animals in this group (Figures 9C, D). All data emphasized not only the non-toxic nature of compounds C14 and P8 but also their specific anti-neoplastic effects, especially against breast cancer cells inhibiting tumor growth (Figures 9A, B). Likewise, it highlights the specific effect of these compounds over radioresistant cells.




Figure 9 | Inhibition of tumor growth by compounds C14 and P8 in a xenograft model of radioresistant MDA-MB-231RR cells. (A) The relative tumor volume was evaluated over a 15-day treatment period. (B) Representative images depicting tumor sizes. (C) Body weight measurements of mice were recorded during the treatment period. Nu/Nu mice were treated with the following: vehicle (10% dimethyl sulfoxide (DMSO) and 0.05% carboxy methyl cellulose), C14 and P8 at 30 mg/kg, or cisplatin at 6 mg/kg, administered daily by intraperitoneal injection (n = 5 for DMSO, n = 5 for C14, n = 5 for P8, and n = 5 for cisplatin). Changes in tumor volume are given in relation to the initial volume before treatment (the dotted line indicates the initial size of the tumor ~100 mm3). (D) Survival curve throughout the treatment period. Mice treated with cisplatin at 6 mg/kg did not survive beyond 6 days. The line graph represents the mean and SD (**p< 0.01).






3.9 Inhibition of proliferation and expression of CD31 by compounds C14 and P8 in a radioresistant TNBC mouse model

According to the data presented above, C14 and P8 have shown effects on cell cycle progression by inducing arrest in the G0/G1 phase. To comprehensively evaluate and support these observations, various markers of proliferation and angiogenesis were assessed using an in vivo model through microphotography of IHC of tumor samples (Figure 10). To enhance the quality of the analysis of the images, a digital pathology system was employed. With this system, it was possible to evaluate the expression of proliferation and angiogenesis markers with transparency and consistency. The digital pathological analysis of immunostainings demonstrated the reduction in proliferation markers, indicated by a lower mitotic index in the H&E staining in both C14 and P8 treatment groups when compared to the control group (Figure 10A). Likewise, C14 promotes the inhibition of cyclin D1 (8 μm2), PCNA (10 μm2), and VEGF (100 μm2), highlighting its potential in reducing key markers associated with DNA synthesis during replication and the control of cell cycle progression for proliferation (62). In contrast, P8 and cisplatin also reduced the expression of cyclin D1 (20 μm2 and 25 μm2, respectively), PCNA (18 μm2 and 22 μm2, respectively), and VEGF (3,000 μm2 in both cases) (Figures 10B–D). These data support the inhibition of cell cycle progression by C14 and P8 observed in cell lines and mouse models.




Figure 10 | Inhibition of proliferation and angiogenesis by compounds C14 and P8 in a radioresistant triple-negative breast cancer (TNBC) mouse model. (A) Representative images of breast cancer tumors with H&E staining and evaluation of the mitotic index. Yellow arrows indicate cells undergoing mitosis. (B) Immunostaining and analysis of cyclin D1. (C) Immunostaining and analysis of PCNA nuclear expression. (D) Analysis of VEGF expression assessed via immunohistochemistry. (E) Quantification of blood vessels using CD31 immunostaining. Black arrowheads represent blood vessels. Scale bar, 20 µM. The data are presented as the mean ± SEM, n = 5 per group (*p< 0.05, **p< 0.01).; ns, not significant.



Likewise, the expression of CD31, an endothelial protein related to the restoration and maintenance of blood vessels and angiogenesis, was evaluated (63). In this case, both compounds but principally P8 decreased the expression of CD31 (Figure 10E). This finding holds significance, as CD31 plays a crucial role in the formation of fresh blood vessels and functions as an indicator of angiogenesis (64). Taken together, the outcomes indicate that compounds C14 and P8 could reduce the expression of molecules related to the formation of new blood vessels in radioresistant TNBC. However, the specific role of both compounds during angiogenesis should be addressed more thoroughly.





4 Discussion

BC is a highly prevalent and deadly disease among women worldwide. Its aggressive nature is characterized by several clinical manifestations, high cellular diversity within tumors, and distinct gene expression patterns. As a result, numerous treatment approaches have been developed to reduce the negative effects of this complex disease. However, TNBC is of particular concern due to limited treatment options, typically limited to chemotherapy or radiotherapy, as it lacks the hormone receptors and targeted therapies effective in other breast cancer subtypes (65). This aggressive nature and resistance to therapies highlight the urgent need for ongoing research and the development of novel treatment strategies to improve outcomes for TNBC or radioresistant TNBC patients and reduce mortality.

To address this need, the focus of the present study is to evaluate the cytotoxic effects of compounds C14 and P8. As mentioned above, to the best of our group’s knowledge, there is only one study reporting the specific types of K-Ras4B mutations in patients with BC (24). Also, the unique mutant form of K-Ras4B reported in cellular models of BC is G13D (27). Likewise, few reports have shown a low frequency of mutant forms of K-Ras4B in BC (7%–12%) (29). Based on this information, it is clear that there is a need to carry out a more in-depth evaluation to determine the real type and frequency of K-Ras4B mutations in BC.

To achieve our goal, the cell lines MDA-MB-231 and MDA-MB-231RR were employed. These cell lines are particularly relevant because they exhibit TNBC characteristics and express the K-Ras4BG13D mutation. In this case, clear effectiveness was observed by C14 and P8 as antitumoral agents in TNBC cells that express the mutant form of G13D. This is achieved through the stabilization of the molecular complex of K-Ras4BG13D/PDE6δ and the reduction of associated signaling pathways (31–33, 66).

With this information, we propose that C14 and P8 could be considered as potential therapeutic options for TNBC or for TNBC stages that develop resistance to conventional therapies, especially in cases with a poor prognosis and limited therapeutic alternatives. Additionally, we propose that the effectiveness of both compounds against TNBC is not limited to cells that express the G13D mutation. This observation is supported by previous reports in which the antitumoral effects of C14 and P8 were determined over different mutations of K-RAS4B, such as G12D, G12C, and G12V (33). The importance of this multiple effect is clear considering the lack of information about the frequency and type of mutation of K-Ras present in TNBC.

Selectivity of C14 and P8 over the mutant forms of K-Ras4BG13D was further demonstrated through in silico analysis. These results, as indicated by the binding free energy (ΔGbind), show that both the C14 and P8 compounds enhance the affinity of the mutated K-Ras4BG13D variant for PDE6δ compared to the K-Ras4Bwt/PDE6δ counterpart. Furthermore, our predictive modeling indicated a greater efficiency of P8 in stabilizing the K-Ras4BG13D/PDE6δ complex when compared to compound C14. This increased ability to stabilize the complex might potentially result in blocking the abnormal activation of the K-Ras4BG13D signaling pathway, subsequently inducing apoptosis in breast cancer cells (67). These findings align with previous studies, demonstrating that this compound family possesses the ability to stabilize the K-Ras4Bmut/PDE6δ complex, irrespective of the aggressiveness state, or the development of resistance against conventional therapies. This underscores their potential for therapeutic application in advanced stages of breast cancer.

Given the distinct nature of K-Ras4BG13D, characterized by heightened affinity and GDP-to-GTP exchange compared to K-Ras4BG12D, where intrinsic GTPase activity remains inhibited, effectively entrapping K-Ras4B in a constitutively active state, we postulate two potential mechanisms underlying the influence of compounds on the K-Ras4BG13D/PDE6δ complex. These mechanisms involve the hindrance of complex dissociation and K-Ras4B anchoring to the plasma membrane. Alternatively, due to the compounds’ demonstrated affinity for both K-Ras4B protein and GDP, they might perturb the activity of guanine exchange factor (GEF) proteins, thereby impeding the GDP-to-GTP exchange process (68). In either scenario, the outcome is the inhibition of protein activation and KRAS-dependent signaling pathways through the binding of the K-Ras4BMUT/PDE6δ complex with C14 or P8.

Conversely, it is noteworthy that both compounds exhibit interaction with nearly identical amino acid residues. This observation implies that concurrent administration of C14 and P8 to the complex could lead to the establishment of competitive interactions among the analyzed components. The results of the MD assay predict that the separate use of compounds C14 and P8 should independently stabilize the K-Ras4BG13D/PDE6δ complex, consequently exerting a detrimental impact on the activation of K-Ras signaling pathways within mutant breast cancer cell lines.

The specificity of both compounds for the mutated K-Ras4BG13D/PDE6δ complex, in comparison to the K-Ras4BWT/PDE6δ counterpart, was further demonstrated by cytotoxic assays. In them, significantly higher IC50 values were observed in the non-tumoral MCF-10A cell line compared to TNBC cell lines and the radioresistant TNBC cell line, which showed reduced IC50 values.

In MDA-MB-231RR cells particularly, both molecules C14 and P8 displayed potent cytotoxic effects, indicating their potential to reduce the viability of radioresistant TNBC cell lines. This is particularly significant, considering the highly aggressive phenotype associated with the acquisition of radioresistance (69). Moreover, the unique impact of C14 and P8 on mutant TNBC cell lines compared to non-tumoral cells underscores their potential as selective anticancer treatments, minimizing side effects. In contrast, conventional chemotherapy agents displayed substantial cytotoxicity in non-tumoral cells, emphasizing the potential advantages of C14 and P8 over traditional treatments (70).

This study also validates the distinct influence of these compounds on KRas4B protein function, as evidenced by the reduction in Ras-GTP levels and GTPase effectors observed in breast cancer cells when exposed to C14 and P8. The binding to K-RasG13D/PDE6δ reduces the activation of Ras proteins, making these compounds good candidates for targeted therapies against breast cancer, particularly in TNBC or in patients that present resistances to conventional therapies, in which dysregulation in the Ras pathway generally occurs and plays a central role in tumorigenesis (14). Another crucial aspect to consider is the mechanism by which these compounds trigger cell death. While both C14 and P8 initiate apoptosis in the TNBC cell line and radioresistant TNBC cells, P8 demonstrates superior effectiveness as mentioned in earlier reports (33). It is also notable that these molecules show reduced necrosis and low cytotoxicity in non-tumoral cells. In contrast, conventional chemotherapy agents led to substantial cell death, including both apoptosis and necrosis, emphasizing the potential of C14 and P8 as therapies for TNBC and radioresistant cells, focusing on apoptosis-driven cell death mechanisms with minimized inflammatory effects.

The apoptosis-driven cell death mechanism elicited by C14 and P8 is associated with their negative impact on Ras activity, which directly impacted K-Ras-dependent pathways, including AKT and ERK (71). These experimental findings suggest that both compounds could be associated with survival, cell cycle progression, and cell growth in MDA-MB-231 and MDA-MB-231RR cells. Likewise, neither molecule causes reduced signaling pathway inhibition in the MCF-10A cell line. Interestingly enough, MDA-MB-231 cells presented more dependency and effectiveness at the ERK pathway, while MDA-MB-231RR presented higher dependency on the AKT pathway. Although these observations highlight the complex interplay between these compounds and the signaling pathways within different cellular contexts, it is important to mention that both molecules do not lose their effectiveness as antitumor agents in advanced stages of breast cancer.

The administration of C14 and P8 resulted in the observed loss of clonogenic capability in MDA-MB-231 cells. Nonetheless, MDA-MB-231RR cells presented a low grade of resistance against C14 but not P8. This observation is important considering that MDA-MB-231RR is a radioresistant cell line with a more aggressive phenotype, such as high proliferation rates and high migration, velocity, and invasion phenotypes. According to previous reports, exposure to ionizing radiation evokes a higher proliferation rate and chemoresistance that can also be attributed to the presence of a small population of cancer stem cells (CSCs) (69, 72). In this case, despite not quantifying the number of CSCs in MDA-MB-231RR, the small number of cells capable of surviving the administration of C14 could be attributed to this kind of cell based on the more aggressive phenotype of MDA-MB-231RR. In contrast, it is important to mention that in the case of compound P8, a total inhibition of the clonogenic capacity of the MDA-MB-231RR cell line was observed. These data position this compound as a possible molecule capable of inhibiting the effects of CSC. However, it is important to highlight that the C14 and P8 compounds were completely effective in inhibiting the clonogenic ability of MDA-MB-231 cells. This effect could be attributed to the presence of fewer CSCs in this cell line. In conclusion, both molecules are highly effective against TNBC. However, P8 demonstrates greater potency in the context of more aggressive behavior, advanced stages, and resistance states, which could be attributed to its enhanced capability to eradicate CSC. This is associated with its high affinity to inhibit the activity of the K-Ras4BG13D/PDE6δ complex.

According to the information presented in Figures 7C and 10B, C14 reduces the amount of GSK3β/cyclin D1. In this case, it is proposed that this effect is attributable to the inhibition in the activity of the K-Ras4BG13D/PDE6δ complex and its molecular effector AKT. The reduction in this signaling pathway has a direct impact on the acquisition of a radioresistant phenotype. In this context, reports have shown that a fraction dose of ionizing radiation leads to radioresistance. A similar protocol was applied for established long-term FR cells MDA-MB-231RR (34). Thus, the acquired radioresistant phenotype is long-lasting and possibly irreversible as a result of the constitutive activation of AKT/GSK3β/cyclin D1/Cdk4 pathway, which is induced by a positive feedback loop mediated through the cyclin D1 overexpression, which triggers the development of radioresistance in tumor cells (58). Considering this information, it is suggested that C14 could reduce the activity of the AKT/GSK3β/cyclin D1 axis and potentially prevent the acquisition of radioresistance when it is administered before radiotherapy. This hypothesis requires more comprehensive evaluations.

Additionally, cell cycle analysis revealed the impact of the C14 and P8 compounds on the G0/G1 phase. The C14 compound was effective in inhibiting the progression of the S phase, resulting in the inhibition of cell growth and the induction of apoptosis in radioresistant breast cancer cells. Conversely, treatment with P8 resulted in a substantial increase in the number of cells in the G0/G1 phase and a concurrent decrease in the number of cells in the S phase in MDA-MB-231RR cells. These observations highlight the distinctive roles of C14 and P8 in influencing the cell cycle dynamics of breast cancer cells, particularly in the context of radioresistant cells.

Taking into consideration the limited therapeutic alternatives available for TNBC patients who have developed radioresistance, and in addition to the data that have demonstrated compounds C14 and P8 as antitumor molecules, their efficiency was evaluated in an in vivo model. The model employed involved female Nu/Nu mice and radioresistant MDA-MB-231RR cells to induce tumors. The treatments with C14 and P8 showed a significant reduction in tumor size, with a 40.0% reduction in C14-treated mice and a 41.6% reduction in P8-treated mice. Importantly, these treatments were well-tolerated and non-toxic, in contrast to cisplatin, which induced significant weight loss. These results underscore the non-toxic nature of C14 and P8 and emphasize their specific antineoplastic properties against breast cancer cells, especially radioresistant cells.

To verify the effects of the C14 and P8 compounds on cell progression in in vitro models, the mitotic index was determined in in vivo models through H&E staining. This analysis showed that the administration of C14 and P8 resulted in a significant reduction in cell proliferation of radioresistant TNBC cells, supporting the findings observed in in vitro models. These results were confirmed by observing a significant reduction in the expression of cyclin D1 and PCNA, which are essential regulators of the cell cycle. Likewise, C14 and P8 were found to influence angiogenesis-related biomarkers, specifically VEGF and CD31, in radioresistant TNBC tumors. A decrease in VEGF levels was observed in the C14-treated group compared to the control. Additionally, CD31, a marker of neo-vascularization, exhibited a reduction in the P8 group. This observation opens the door to exploring the effect of both compounds during the angiogenesis process.

Finally, while the cytotoxic effects of compounds C14 and P8 in TNBC and radioresistant TNBC cells were demonstrated, there are several considerations that must be taken into account for their potential use in the clinical setting. This includes the need for extensive clinical trials to validate the efficacy and safety of these compounds in humans. Long-term studies are essential, focusing on potential resistance development, recurrent tumor growth, and the sustainability of the compounds’ efficacy over extended treatment periods. Further investigation into the detailed molecular mechanisms underlying the inhibitory effects of these compounds over K-Ras4BG13D is also required.

In conclusion, the present work shows a comprehensive view of the molecular changes induced by C14 and P8 in TNBC and radioresistant TNBC cells. Both molecules are effective in stabilizing and inhibiting the action of the mutant form of K-Ras4B, K-Ras4BG13D, and its association with its membrane transporter, PDE6δ. The antineoplastic evaluation of these compounds demonstrates that both molecules preferentially affected K-Ras4B mutated forms. Furthermore, C14 and P8 influence critical signaling pathways related principally to cell survival and cell cycle regulation to reduce cell proliferation.
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The diagnosis of thyroid cancer (TC) has increased dramatically in recent years. Papillary TC is the most frequent type and has shown a good prognosis. Conventional treatments for TC are surgery, hormonal therapy, radioactive iodine, chemotherapy, and targeted therapy. However, resistance to treatments is well documented in almost 20% of all cases. Genomic sequencing has provided valuable information to help identify variants that hinder the success of chemotherapy as well as to determine which of those represent potentially druggable targets. There is a plethora of targeted therapies for cancer, most of them directed toward point mutations; however, chromosomal rearrangements that generate fusion genes are becoming relevant in cancer but have been less explored in TC. Therefore, it is relevant to identify new potential inhibitors for genes that are recurrent in the formation of gene fusions. In this review, we focus on describing potentially druggable variants and propose both point variants and fusion genes as targets for drug repositioning in TC.
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Introduction

Thyroid cancer (TC) is the most common malignant tumor of the endocrine system, with 586,202 new cases worldwide in 2020 (1). The overall incidence of TC has increased dramatically in the last 30 years. This increase may be due to overdiagnosis, thanks to improvements made in diagnostic procedures (2). Morphologically and clinically, TC is classified into two main groups: differentiated cancer—comprising papillary and follicular thyroid cancer—and undifferentiated TC, designated anaplastic carcinoma of the thyroid (3). The most prevalent is papillary thyroid cancer (PTC), which accounts for up to 85% and has a good prognosis (5-year survival rate of more than 95%, mainly in patients with stage I or II disease), as does follicular thyroid cancer (FTC), which is less prevalent, accounting for 15% of all cases (4). Patients with poorly differentiated or anaplastic TC, advanced-stage disease, or distant metastases have higher mortality rates (5). Moreover, about 20% of PTC patients manifest disease recurrence because of drug resistance, suggesting a change in treatment approaches. This points out the need to personalize treatments, including drug repositioning (6). Target therapy can be repositioned and offers greater success since it can be customized according to the patient’s genomic alterations. In this review, we highlight therapeutic opportunities for TC, focusing on druggable genes with potential repositioning for personalized therapy.





Classical point mutations in thyroid cancer: windows of opportunity for the use of drug repositioning

Radioactive iodine administration and/or surgery remain the first line of treatment for TC; however, for advanced disease, chemotherapy (CT) becomes the systemic option of treatment available (7). Nevertheless, CT constantly faces resistance and severe secondary effects (8). Therefore, it is necessary to overcome resistance by recognizing drug-susceptible mutations, which may lead to the identification of a broad spectrum of target therapies that could be repositioned in TC (Figure 1).




Figure 1 | Drugs with potential to be investigated in thyroid cancer clinical trials according to mutational profile.



Next-Generation Sequencing (NGS) has made it possible to sequence the genomes of different types of cancer, which has revealed that around 90% of patients with TC have one or more genetic abnormalities (9). Dysregulation of phosphatidylinositol 3-kinase (PI3KCA) and mitogen-activated protein kinase (MAPK) signaling pathways is mainly affected by point mutations in target genes such as B-Raf proto-oncogene, serine/threonine kinase (BRAF), A-Raf proto-oncogene, serine/threonine kinase (RAS), and ret proto-oncogene (RET) (10). One of the best-documented and highest prevalence point mutations in PTC is BRAF exon 15 p. V600E (45% of all cases), which is associated with poor prognosis and high recurrence (11). The BRAF exon 15 p. V600E variant has constitutively active BRAF serine–threonine leading to the activation of effectors of the MAPK pathway and, consequently, surveillance and proliferation (11). Vemurafenib has shown antitumor activity in patients with BRAF exon 15 p. V600E-positive progressive PTC, representing a potential new therapeutic option (12, 13). Ipilimumab, nivolumab, dabrafenib, and trametinib are also approved target therapy options for BRAF mutations in melanoma (14) that could be repositioned to TC. In addition, drugs blocking phosphatase and tensin homolog (PTEN) and PI3KCA homogenize the font of the letter with that of the rest of the text effects (Table 1).


Table 1 | Variants in potentially druggable genes in thyroid cancer.



PI3KCA is another gene with several missense mutations in three subtypes of TC: follicular, papillary, and anaplastic. Interestingly, PI3KCA mutations are associated with drug resistance in BRAF exon 15 p. V600E-positive cases. In this scenario, it is worth looking at how alpelisib can counteract the resistance mechanism by diminishing the EPH receptor B2 (EPHB2)-induced signaling (38). Consistent with the latest, PTEN, which has a negative regulatory role in the same pathway, has reported variants in TC (39).

KRAS proto-oncogene, GTPase (KRAS), is a G protein that plays an important role in the PI3KCA/MAPK signaling pathway. Point mutations in KRAS usually occur at codons 12, 13, and 61 and have been found in FTC and PTC at a frequency of 50% and 20%, respectively. These mutations confer a more aggressive phenotype and increase the risk of mortality (40). Sotorasib and adagrasib are KRAS exon 2 p. G12C mutation drugs approved for non-small cell lung cancer (NSCLC) (16, 41). It remains of interest to analyze the effect of these drugs on TC harboring the KRAS exon 2 p. G12C mutation. RET is another gene commonly mutated in PTC and medullary thyroid cancer (MTC), with both large rearrangements and point mutations reported. RET is a receptor tyrosine kinase that regulates growth, survival, migration, and survival, activating multiple intracellular signaling pathways, including PI3KCA/AKT serine/threonine kinase 1 (AKT), MAPK, mitogen-activated protein kinase 8 (JNK), and others. Oncogenic activating point mutations can occur mainly in the extracellular domain, particularly in codon C634 of exon 11, in 609, 611, 618, or 620 of exon 10, and in M918 of exon 16, being RET exon 16 p. M918T mutation the most common and represents more than 75% of all RET somatic mutations found in MTC (42). Selpercatinib and pralsetinib are RET-specific inhibitors approved for the MTC variant and have been well tolerated (43–45). Other multitargeted kinase inhibitors used to inhibit the PI3KCA/AKT/mechanistic target of the rapamycin kinase (MTOR) pathway in MTC are vandenitib and cabozantinib. The first one inhibits RET but also inhibits other kinases such as vascular endothelial growth factor receptor 2 (VEGFR2), vascular endothelial growth factor receptor 3 (VEGFR3), and epidermal growth factor receptor (EGFR), while cabozantinib inhibits RET, vascular endothelial growth factor (VEGF), MET proto-oncogene, receptor tyrosine kinase (MET), and ROS proto-oncogene 1, receptor tyrosine kinase (ROS1) (46). Both inhibitors have shown efficacy and improved overall survival in patients harboring RET exon 16 p. M918T mutation (47, 48).

MET is a receptor tyrosine kinase that has an oncogene role in promoting angiogenesis due to downstream activation of RAS, PI3KCA, and signal transducer and activator of transcription 3 (STAT3) signaling pathways (49). Drugs that inhibit MET are amivantamab, cabozantinib, capmatinib, crizotinib, osimertinib, and tepotinib (50). Particularly, MET has a reported variant in NSCLC that skips the exon 14 and makes the protein constitutively active (51). In TC, it constitutes an inclusion criterion for thyroid gland medullary carcinoma (52, 53). Currently, therapy targeting MET, although only indicated to treat NSCL, represents a potential target in TC. Furthermore, a PTC expression signature has been identified in which three genes are overexpressed, promoting metastasis and being associated with poor prognosis: dipeptidyl peptidase 4 (DPP4), MET, and catenin beta 1 (CTNNB1). The signature is associated with immunosuppression and correlates with tumor infiltration of tumor-associated macrophages, which leads to T-cell exclusion. Interestingly, sitagliptin, an FDA-approved drug to treat diabetes type II, has affinity not only to DPP4 (diabetes target) but also to MET and CTNNB1 (54–56). Moreover, the affinity for MET and CTNNB1 is even higher than FDA-approved inhibitors specific for each of them, like crizotinib and PNU-74654, respectively. Therefore, sitagliptin represents a multidrug therapy window for TC (18).

Paired box 8 (PAX8), a gene implicated in proliferation and migration, is usually overexpressed in TC. Likewise, in high-grade serous ovarian cancer, PAX8 is upregulated (57). Remarkably, losartan and captopril, which are FDA-approved drugs, have been found effective at inhibiting PAX8 expression and function. This evidence suggests potential therapeutic opportunities using losartan and captopril, not only for ovarian cancer but also for TC (57).

Besides the variants reported in the above-mentioned genes, there are also polymorphisms associated with TC (58). For instance, neuregulin 1 (NRG1) acts as an oncogene through its role as a glycoprotein that mediates cell-to-cell signaling (59). In breast cancer, lapatinib may be used to inhibit EGFR and erb-b2 receptor tyrosine kinase 2 (HER2) kinases, two receptors of also relevant function in TC. Nonetheless, resistance is acquired and correlates with an increased expression of NRG1. By trying to overcome it, adding pertuzumab has shown promising results in decreasing NRG1-acquired resistance and tumor progression (25).

Similarly, secreted phosphoprotein 1 (SPP1), an integrin-binding glycophosphoprotein overexpressed in TC that promotes tumorigenesis through the inhibition of differentiation factors of thyroid cells, represents an opportunity for drug repositioning (60, 61). Although there are no current FDA drugs approved for inhibiting SPP1, a recent publication showed a promising inhibitory drug for cervical cancer: entrectinib (26). This represents a highlight, as entrectinib is an FDA-approved drug for NTRK fusions in solid tumors, including TC (62).

As with SPP1, another window of opportunity for targeted treatment is BCL2-associated X, apoptosis regulator (BAX). This gene participates in mitochondrial regulation of cell death; however, in cancer, it contributes to cell death dysregulation (63). Importantly, in TC, BAX has a reported polymorphism positively correlated with PTC, and more importantly, the FDA-approved drug eltrombopag acts as a BAX inhibitor, which drives apoptosis induction (64, 65). SPP1 and BAX are not the only genes in which polymorphism is related to TC. VDR stands for vitamin D receptor and has been associated with cancer development (66). It is not well established if TC contributes to or attenuates tumor growth; however, two polymorphisms, FokI and TaqI, are associated with a more aggressive type, and the heterozygous FokI to metastasis (67). Remarkably, it has been shown that antagonists of vitamin D have therapeutic effects as they inhibit downstream cell cycle proliferation. There is already an insight into potential therapies using VDR as a druggable target. For instance, PS121912 has shown promising therapeutic effects by acting as a selective VDR inhibitor (28).

In the immunology context, several profiles have been described causing differential expression and immune cell proliferation among TC subtypes (68). Interleukin-10 (IL-10) is one of several dysregulated cytokines in TC associated with immunological and apoptosis evasion and aggressiveness (68). This effect is caused by expression induction of BCL2 like 1 (bcl-xL) and BCL2 apoptosis regulator (BcCL2) and resistance to CD95-mediated apoptosis (69, 70). Due to its oncological role, IL-10 figures as a potential therapeutic target. Rituximab has promising inhibitory effects against IL-10 through downregulation of BCL2 and sensitization of B-cell non-Hodgkin’s lymphoma to apoptosis (29). However, resistance constitutes a problem due to broad kinase inhibitor activity and toxicity, which may limit their use and encourage the use of more specific inhibitors (71).

Lastly, telomerase reverse transcriptase (TERT), an enzyme known to be implicated in cancer, has been described as one of the most frequently mutated genes in TC, particularly in its promoter, which causes its overactivation. TERT inhibitors are currently under study, and NU-1 not only sensitizes the cell to chemo- and radiotherapy but also can inhibit proliferation and increase immune activity (30).

From NGS of long DNA fragments, gene fusions have been identified. When two genes conform to a fusion, they either lose or gain function. In cancer, they can contribute to tumor growth due to constitutive activation of an oncogene, such as BCR-ABL (72). Remarkably, some gene fusions are considered drivers, while others contribute to generating more genomic instability and disease development. There are gene fusions that are found across various cancers (73). These features of gene fusions represent an unprecedented opportunity to develop target therapies aimed at providing personalized medicine to patients.





Spotlight of novel therapies: gene fusions

Over 50 gene fusions have been identified in TC, which are mainly conformed by the RET, neurotrophic receptor tyrosine kinase (NTRK), ALK, and BRAF genes (74). These genes are tyrosine kinase overactivated mainly due to kinase retention and overexpression by transcription factors of the parental genes, making them druggable targets (75). Currently, three drugs are being used in clinics to treat TC-targeting gene fusions: pralsetinib, selpercatinib, and larotrectinib (76). The first two are RET inhibitors and were first set as a treatment for both point mutations and gene fusions; however, selpercatinib shows efficacy in specific RET variant genotypes that present pralsetinib resistance. For instance, BaF4/KIF5B-RET shows tumor growth despite treatment with pralsetinib, while selpercatinib can effectively inhibit growth (44, 77). However, as with other variants, these gene fusions are not expressed across all subtypes of cancer, while some therapies face drug resistance and lack of treatment for greater, yet untargeted variants (Figure 1).

For RET, 19 fusions have been described; however, only therapies consisting of RET inhibitors are currently available, leaving the partner genes pharmacologically unexplored (78). This is of great importance as it has been described that the inhibitory sensitivity of several gene fusions varies depending on the partner gene; hence, drug screening should be performed testing not only the most common gene. For instance, the coiled-coil domain containing 6 (CCDC6) is a recurrent gene-forming fusion with RET in lung cancer, where it has shown potential druggability of EGFR inhibitors in combination with RET inhibitors, decreasing resistance to RET inhibitors while also enhancing sensitivity to PARP inhibitors (79). Particularly, the fusion CCDC6-RET is more sensitive to vandetanib due to the off-target inhibitory effect and crosstalk with EGFR pathway activation (80). Furthermore, this fusion and ERC1-RET have not had a response to the RET drug, cabozantinib, supporting the idea of focusing on the second gene as well (81).

Larotrectinib targets the NTRK genes, which are neurotrophic tyrosine kinase receptors. If binding occurs, the protein phosphorylates itself and activates the MAPK pathway. Therefore, as part of a gene fusion, it causes its constitutive activation (82). Several fusions involving NTRK1, NTRK2, and NTRK3 have been described in the lung, colon, brain, head and neck, and TC (83). For this reason, it has been a promising targeted therapy, as the same fusions can occur in several tissues. In TC, larotrectinib is administered to patients diagnosed with the anaplastic subtype, and tumor growth continues despite other treatments (82). An example of this is the ETV6-NTRK3 fusion, which has been described as a driver variant in secretory breast cancer with high efficacy upon larotrectinib treatment (84). However, larotrectinib therapy targets only the NTRK gene, while their partner genes remain untargeted. For instance, sequestosome 1 (SQSTM1) is a gene that conforms to fusions with both NTRKs and plays a role in autophagy, specifically through the AKT/protein kinase AMP-activated catalytic subunit alpha 2 (AMPK)/MTOR signaling reported in PTC (84).

Although only three drugs are being used in TC to target gene fusions, there are several other recurrent genes forming gene fusions that are already targeted in other cancers. On one hand, there is ALK, which is widely known for its oncogenic role, especially as part of gene fusions (85). Currently, ALK fusions do not have a regimen of treatment for TC, but its potential has already been evaluated. For example, STRN-ALK and EML4-ALK are promising targets in TC using the FDA-approved drug crizotinib, among other drugs such as ceritinib, alectinib, brigatinib, and lorlatinib (32, 33).

On the other hand, there are BRAF fusions, and remarkably, despite BRAF having several target drugs, none of them are used to treat TC. Furthermore, among all the gene partners of BRAF, staphylococcal nuclease and Tudor domain containing 1 (SND1), an oncogene in several types of cancer acts in addition to posttranscriptional modifications (86). This is a highlight for novel therapy, as a small molecule called suramin has been identified to inhibit their protein by impairing its interaction with several microRNAs and sensitizing the response to standard chemotherapy (87).

Interestingly, up to five gene fusions are involved in THADA armadillo repeat containing (THADA), which stands for thyroid adenoma-associated gene (Table 1) (74). This gene participates in metabolism and energy storage through the calcium pathway. In cancer, not only fusions but also polymorphisms are associated with the disease development (88). Particularly, it has been described that THADA is necessary to retain CD274 in the Golgi for maturation. On the contrary, if suppressed, the immune response is triggered through the infiltration of CD8 + T cells and increased toxicity (89). In addition to this finding, the IGF2BP3-THADA fusion has been demonstrated to cause overexpression of the partner gene IGF2BP3, leading to sustained growth and invasion through the activation of PI3KCA and MAPK pathways (34, 90). For its part, insulin-like growth factor 2 mRNA-binding protein 3 (IGF2BP3) is associated with a poor prognosis implicated in several mechanisms leading to aberrant metabolism in cancer (91). Currently, there are no inhibitors for THADA; however, the data strongly point out THADA as a potential therapeutic target in TC.

Another gene found in 30%–35% of FTC is PAX8-PPARG, characterized as an oncogene due to its binding to several genomic regions that code for genes related to cell proliferation, apoptosis evasion, and motility (92). Contrary to the case of repurposing losartan to PAX8 alterations, this fusion promotes tumor progression due to the likely loss of functions of peroxisome proliferator-activated receptor gamma (PPARG). When inhibited with pioglitazone, anti-inflammatory effects and growth modulation are observed; however, the function of the gene fusion is not yet fully understood (35). Opposed to this idea, the antitumoral effect of PPARG inhibitor GW9662 has also been described, indicating the existence of independent pathways of PPARG (93). Remarkably, PAX8-PPARG is not the only fusion in TC involving PPARG; there is also CREB3L2-PPARG (94).

NUT-BDR4 is an oncogenic driver fusion that causes a rare type of cancer named NUT midline carcinoma. Bromodomain-containing protein 4 (BDR4) binds to the chromatin, while NUT midline carcinoma family member 1 (NUT) recruits histone acetyltransferase (HAT), promoting the expression of several associated oncogenes (95). This rare fusion has also been described in some TC cases, and it is associated with high expression of CD274 (96). The prognosis is low, with an estimated overall survival of 10 months, while therapy consists of radiotherapy and standard chemotherapy for large tumors. With no targeted therapy available, it is an urgent matter to start studying potential inhibitors for the treatment of these patients (97). Currently, only one inhibitor has been proposed to target the NUT-BDR4 fusion. It consists of a dual inhibitor of bromodomain and extra-terminal motif (BET) proteins and the p300 bromodomain, named NEO2734, with proven inhibition of tumor growth and improvement of overall survival (36).

Lastly, MET not only has point mutations in TC but also a gene fusion. It has been identified that TGF-MET fusion is present in sarcoma, glioma, and TC (37, 98). Interestingly, in sarcoma, tumors that have this variant do not fit into a specific subtype, which is a remarkable finding due to the existence of effective MET inhibitors (50, 98).





Conclusions and perspectives

It is relevant to recognize that in the era of personalized medicine, drug repositioning has a major impact on oncology. This is possible due to the identification of new therapeutic targets, which can be shared in different diseases and even between cancers. This opens a whole window of opportunity for the use of a plethora of drugs, reducing the time and costs involved in the production of new drugs, which has a positive impact on patients. In this review, we found that several drugs used in different types of cancer can be repositioned to TC, either by the presence of point mutations or by gene fusions. We found an area of opportunity for 13 genes with missense mutations and 10 for gene fusions. Among all these drugs, 22 are FDA-approved drugs, while the remaining five are inhibitors with proven efficacy in in vitro studies, both of which represent a promising area of therapy opportunity. It is the aim of this work to highlight the relevance of the identification of new potential inhibitors for genes that are part of recurrent fusion formation in TC as well as other types of cancer due to the likelihood of their contribution to disease development. Hence, it is of interest to the clinic to elucidate these variants’ potential as biomarkers or prognostic or therapeutic targets.
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Background

Osteosarcoma is a leading subtype of bone tumor affecting adolescents and adults. Comparative molecular characterization among different age groups, especially in pediatric, adolescents and adults, is scarce.





Methods

We collected samples from 194 osteosarcoma patients, encompassing pediatric, adolescent, and adult cohorts. Genomic analyses were conducted to reveal prevalent mutations and compare molecular features in pediatric, adolescent, and adult patients.





Results

Samples from 194 osteosarcoma patients across pediatric to adult ages were analyzed, revealing key mutations such as TP53, FLCN, NCOR1, and others. Children and adolescents showed more gene amplifications and HRD mutations, while adults had a greater Tumor Mutational Burden (TMB). Mutations in those over 15 were mainly in cell cycle and PI3K/mTOR pathways, while under 15s had more in cell cycle and angiogenesis with higher VEGFA, CCND3, TFEB mutations. CNV patterns varied with age: VEGFA and XPO5 amplifications more in under 25s, and CDKN2A/B deletions in over 25s. Genetic alterations in genes like MCL1 and MYC were associated with poor prognosis, with VEGFA mutations also indicating worse outcomes. 58% of patients had actionable mutations, suggesting opportunities for targeted therapies. Age-specific patterns were observed, with Multi-TKI mutations more common in younger patients and CDK4/6 inhibitor mutations in adults, highlighting the need for personalized treatment approaches in osteosarcoma. In a small group of patients with VEGFR amplification, postoperative treatment with multi-kinase inhibitors resulted in a PR in 3 of 13 cases, especially in patients under 15. A significant case involved a 13-year-old with a notable tumor size reduction achieving PR, even with other genetic alterations present in some patients with PD.





Conclusion

This study delineates the molecular differences among pediatric, adolescent, and adult osteosarcoma patients at the genomic level, emphasizing the necessity for precision diagnostics and treatment strategies, and may offer novel prognostic biomarkers for patients with osteosarcoma. These findings provide a significant scientific foundation for the development of individualized treatment approaches tailored to patients of different age groups.
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1 Introduction

Osteosarcoma, a relatively uncommon malignancy, manifests a distinct incidence pattern characterized by a significant surge during the growth phase of adolescence. The rarity of this disease poses substantial challenges for conducting broad research initiatives, rendering large-scale studies especially crucial (1, 2). Despite significant advances in limb-salvage surgery and multimodal chemotherapy, the long-term survival for non-metastatic osteosarcoma has stagnated around 70% for the past few decades, while patients presenting with metastatic disease at diagnosis have an even poorer prognosis, with survival rates hovering around 20-30% (3, 4). Moreover, the high-dose chemotherapeutic regimens necessary for treatment are associated with considerable acute and long-term morbidity (5, 6).

The complexity of osteosarcoma is underscored by its clinical and molecular heterogeneity, which poses a challenge for the identification of prognostic markers and therapeutic targets. Clinical prognosticators, including tumor size, site, and response to chemotherapy, have been well-documented (7). In multivariate analysis, proximal position within the limb was independently associated with worse overall survival of patients with osteosarcoma (8). Previous study showed that the prognosis of male osteosarcoma is slightly worse than that of female patients (9). Age is generally considered to be an independent factor of osteosarcoma. Due to the onset characteristics of osteosarcoma, that is, patients with osteosarcoma show a bimodal distribution according to age, with the highest proportion of 15-19 years old, followed by 75-79 years old, and then 25-59 years old (10). The study found that in adolescent patients with osteosarcoma, the younger the age, the worse the prognosis (7). However, the impact of age on disease characteristics and outcomes has become a focal point of recent research, with studies suggesting that older age may correlate with a higher frequency of adverse histologic response to chemotherapy and inferior survival (11, 12).

Advancements in high-throughput sequencing technologies have revolutionized our understanding of osteosarcoma biology, revealing a multitude of genetic alterations with potential prognostic and therapeutic implications (13). Unlike other solid tumors, osteosarcoma has a low proportion of common driver gene mutations and depends more on the activation of signal pathways caused by gene amplification or overexpression, such as PI3K/mTOR (14), IGF1 (15), VEGF (16), and PDGF (17), etc. Clinical trials of molecular typing and targeted therapy of osteosarcoma based on gene mutations are particularly necessary to improve the prognosis of patients with osteosarcoma. Due to the low incidence rate of osteosarcoma and the heterogeneity of osteosarcoma, it is difficult to carry out large-scale clinical trials. The clinical characteristics of osteosarcoma in young and elderly patients have been reported to differ, along with correlations between clinical features and prognosis (7, 18–20). A few studies have also depicted the distinct genomic profiles of osteosarcomas in different age groups, revealing age-specific mutation patterns and alterations in signaling pathways (14, 15). These findings underline the significance of age as a biological variable in osteosarcoma and may pave the way for age-specific treatment strategies. In a glioma study, age groups defined by 15 and 25 years - children (<15 years), adolescents (15-25 years), and adults (>25 years) - were found to have distinct molecular features, such as differences in the proportion of IDH1,BRAF and H3G34 mutations (21).

Studies have shown that in untreated osteosarcoma, the presence of Vascular Endothelial Growth Factor (VEGF) serves as a prognostic indicator for the likelihood of pulmonary metastasis and unfavorable outcomes in patients undergoing intensive therapy (22). Additionally, a notable discovery is that patients who are very young exhibit a substantially increased incidence of capillary hemangioma-like histological features (10.2% compared to 2.9%; P = 0.017) (23). These insights provide a crucial foundation for devising therapeutic approaches that concentrate on the vascular growth properties of osteosarcoma and may also prompt a reconsideration of age ranges for the inclusion of subjects in clinical trials for emerging therapeutics.

This study is designed to conduct a comprehensive analysis of the molecular mutation characteristics in osteosarcoma patients across various age groups, with the intent of identifying unique molecular markers that could enable personalized treatment approaches. By delving into the age-specific mutation patterns and signaling pathway alterations as previously reported, and utilizing advanced genomic data, our goal is to enhance the current understanding of the complex molecular landscape of osteosarcoma. Ultimately, this research aims to contribute to precision medicine efforts, and thereby improve clinical outcomes for osteosarcoma patients of all ages.




2 Patients and methods



2.1 Patients and samples

From June 2017 to April 2023, we have gathered a cohort of 194 osteosarcoma patients from The First Affiliated Hospital of Sun Yat-sen University. These patients were selected based on their visits to our institution for treatment, during which they also underwent genetic testing. These patients were stratified into three age groups for analysis: pediatric patients (under 15 years), adolescent and young adult patients (15 - 25 years), and adult patients (over 25 years). Samples included fresh surgical/biopsy tissues or formalin-fixed, paraffin-embedded (FFPE) tumor tissues, along with matched blood samples, which were collected to detect genomic alterations (GAs). Genomic DNA was prepared by using QIAamp DNA FFPE Tissue Kit and QIAamp DNA Blood Midi Kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. The concentration of DNA was measured and normalized to 20–50 ng/μL. The study was approved by the Ethics Committee of The First Affiliated Hospital of Sun Yat-sen University, and all patients signed an informed consent form.




2.2 Genomic alterations identification

The DNA samples were detected by using the NGS-based Yuansu 450 gene panel or whole exon sequencing (WES) (OrigiMed, Shanghai, China). Yuansu 450gene panel covers all the coding exons of 450 tumor-related genes, the genes were captured and sequenced with a mean depth of 1000×. WES libraries were prepared and captured using the SureSelect Human All Exon V6 kit (Agilent Technologies) following manufacturer’s instructions and sequenced with a mean coverage depth of 300X. All these experiments were performed on Illumina Novaseq 6000 system (Illumina, Inc., CA). Resultant sequences were further analyzed for genomic alterations compared with normal genomic DNA, including single nucleotide variants, short and long insertions/deletions (indels), copy number variations, and structural variants of gene rearrangement/fusion. The tumor mutational burden (TMB) was estimated by analyzing somatic mutations, including coding base substitution and INDELs, per mega-base of the panel sequences examined.




2.3 Mutational signature analysis

According to the number of different types of point mutations such as C > A/G > T, C > G/G > C, C > T/G > A, T > A/A > T, T > C/A > G, and T > G/A > C, a cluster analysis was performed in order to observe similarity in tumor samples. Extracted mutational features were compared with the pan-cancer catalogue for 94 known features cited in the cancer somatic mutation catalogue (COSMIC) database (https://cancer.sanger.ac.uk/signatures/) using Mutational Patterns packages (3.6.0) (24). The similarity of mutational features was assessed based on a cosine similarity > 0.85, which indicated common features.




2.4 Function enrichment analyses

To explore the biological functions of somatic mutations, gene ontology (GO) and a Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were conducted using the ClusterProfiler (v.3.10.1) in the R software.




2.5 Statistical analysis

Statistical analysis was conducted using the R statistical software package (R Foundation for Statistical Computing, Vienna, Austria). Categorical variables are expressed as in frequency and percentages; Continuous variables was presented with medians and percentiles. Wilcoxon rank test was used for comparing two continuous data and Fisher’s exact tests were used for comparing two categorical data. P < 0.05 was considered statistically significant.





3 Results



3.1 Characterization of osteosarcoma patients

A total of 194 osteosarcoma patients were enrolled in this study. There were 127 males and 67 females. The median age was 16 Years old, ranged from 5-73 years old. Osteosarcoma is predominantly seen in adolescents, with about 75% of cases occurring between the ages of 15 and 25. Therefore, we categorize patients aged younger 15 as pediatric patients, those between 15 to 25 years as adolescent & young adult patients, and those over 25 years as adult patients. Our cohort includes 81 pediatric patients, 85 adolescent patients, and 28 adult patients. Based on pathological staging records, there were 2 cases of Stage I tumors, 136 cases of Stage II tumors, 2 cases of Stage III tumors, and 43 cases of Stage IV tumors. Additionally, there were 11 cases of pelvic and spinal bone tumors for which the AJCC staging criteria were not applicable. Within this cohort, the YuanSu450 gene panel and WES (Whole Exome Sequencing) (OrigiMed, Shanghai, China) were utilized to test samples from 110 and 84 patients, respectively. In this cohort, 177 underwent immunohistochemistry testing for PD-L1 expression, there were 44 PD-L1 positive patients and 133 negative patients. The majority of patients (193/194, 99.5%) were characterized as having Microsatellite Stable (MSS) tumors (Table 1).


Table 1 | Patient characteristics.






3.2 Mutational profile of osteosarcomas

In this research, a total of 23,951 gene mutations were detected among 194 osteosarcoma patients. Gene panel testing yielded 1,066 mutations in 110 patients, while whole-exome sequencing (WES) detected 22,885 mutations in 84 patients. We found that the most prevalent mutation type in osteosarcomas was gene amplification (71.8%), followed by substitutions/deletions (19.7%), gene fusions (3.8%), homozygous deletions (2.6%), and truncating mutations (2.1%) (Supplementary Figure S1).

To illustrate the genomic landscape based on a large cohort, we integrated the results of WES and panel testing by filtering the WES data for panel probe sites. The results revealed that the most frequent mutations in osteosarcomas were in TP53 (39%), FLCN (22%), NCOR1 (21%), VEGFA (16%), CCND3 (15%), RB1 (14%), TFEB (12%), and MAP2K4 (11.8%) (Figure 1A). TP53 mutations were predominantly of the substitution/indel type and concentrated in the p53 protein's DNA-binding domain (Figure 1B).




Figure 1 | Mutational characterization of this cohort. (A) Mutational landscape of 194 osteosarcoma patients (<15, 15-25, >25, respectively). (B) Distribution of TP53 mutation sites. (C) Amplification statistics of patients in different age groups (< 15, 15-25, > 25, respectively). Green represents substitution/Indel mutations, red represents gene amplification mutations, blue represents gene homozygous deletion mutations, yellow represents fusion/rearrangement mutations, and purple represents truncation mutations.






3.3 Comparison of mutation characteristics between pediatric, adolescent and adult osteosarcoma patients

In this study, osteosarcoma patients under the age of 15 were categorized as pediatric patients, those aged 15-25 as adolescent patients, and those over the age of 25 as adult patients. Our findings indicate that pediatric and then adolescent patients have a higher frequency of gene amplification compared to adult patients, while substitution/Indel mutation types are less frequent than in adult osteosarcoma patients (Figure 1C). Enrichment analysis indicates that gene mutations in patients older than 15 years are mainly enriched in the cell cycle and PI3K/mTOR signaling pathways, while gene mutations in patients younger than 15 years are primarily enriched in the cell cycle and angiogenesis signaling pathways. Additionally, we compared Homologous Recombination Deficiency (HRD) mutated genes. The results showed that the frequency of HRD mutations in pediatric and adolescent patients was higher than in adult patients (17.5% vs. 16.5% vs. 7.7%) (Figures 2A, B). We also compared the Tumor Mutational Burden (TMB) distribution among pediatric, adolescent, and adult patients. It was found that the TMB in adult patients was higher than in pediatric patients, with a statistically significant difference (p = 0.04) (Figure 2C). Compared with adult patients, the mutation frequency of VEGFA (P <0.001), CCND3 (P = 0.016) and TEEB (P = 0.0016) were significantly higher in pediatrics and adolescents (Figure 2D). The co-mutation analysis revealed that VEGFA, CCND3, and TEEB are the most commonly co-mutated genes. In addition, XPO5 is frequently co-mutated with VEGFA, CCND3, and TEEB, while AURKB is commonly co-mutated with FLCN, NCOR1, CCND1, TFEB, and MAP2K4 (Figure 2E).




Figure 2 | Comparison of mutation characteristics between osteosarcoma subgroups (pediatric, adolescent and adult). (A) Enrichment analysis of mutated pathways in adult osteosarcoma group and adolescent osteosarcoma group. From blue to red represents the gradually decreased p value, circle size represents the count of mutations in each pathway. (B) Enrichment differences in signaling pathways across age groups. (C) Association analysis between TMB and osteosarcoma subgroup (pediatric, adolescent and adult). (D) Correlation analysis between genetic variation and age. (E) Co-mutation analysis of genes.






3.4 Analysis of CNV distribution of osteosarcoma in different age groups

In our study, we identified a total of 1,156 copy number variation (CNV) variants across a cohort of 194 patients with osteosarcoma. Among all CNVs, amplifications of VEGFA and XPO5 were primarily found in patients under the age of 25, while amplifications of DAXX and DDR1 were concentrated in patients under the age of 15. Conversely, deletions of CDKN2A and CDKN2B were more prevalent in the age group over 25 years old (Figure 3A). Additionally, within a subset of 75 osteosarcoma patients who underwent whole-exome sequencing (WES), we detected 668 CNV variants. The most frequent CNV include 17p11.2, 19q12, 6q21.1 and 12q12.1 amplification. In 31 pediatric patients, 258 CNVs we detected including 247 amplifications and 11 gene homozygous deletions, and the most frequent CNVs included 6p21.1 amplification, 17p12 amplification, 19q12 amplification, 16p13.3 deletion and 17p13.1 deletion; In 30 pediatric patients, 292 CNVs we detected including 277 amplifications and 15 gene homozygous deletions, and the most frequent CNVs included 1p36.13 amplification, 6p21.1 amplification, 12q14.1 amplification, and 17p11.2 amplification; In 14 adult patients, 118 CNVs were detected including 102 amplifications and 16 gene homozygous deletions, and the most common CNVs included 8p12 deletion, 9p21.3 deletion, 13q13.3 deletion, 15q15.1 deletion, and 16p13.3 deletion (Figure 3B).




Figure 3 | Distribution and frequency of CNVs in osteosarcoma across different age groups. The frequency of common CNV in osteosarcoma is different in different age groups (A). Distribution of CNVs in osteosarcoma across different age groups (B).






3.5 Signature analysis

We observed similar trends across all six possible point mutation types in the three groups. C>T mutations were the most abundant types, followed by C>A and C>G. Upon conducting a comprehensive Signature analysis, underscores the importance of age as a factor in mutational processes. The differential signature analysis indicates that mutations characteristic of BRCA1/2 and Aristolochic acid are more pronounced in adults. The individual distribution of these signatures was shown in Figure 4 and Table S1.




Figure 4 | Signature analysis of this cohort. (A) The most significant signatures in adolescent osteosarcoma patients. (B) The most significant signatures in adult osteosarcoma patients.






3.6 Prognosis analysis of osteosarcoma patients

Based on the genomic alteration, we evaluated the prognostic significance of specific genetic alterations in a cohort of patients. We collected the effective overall survival (OS) information of 74 patients, including 39 pediatric, 31 adolescents and 4 adult patients. The overall median DFS was 24 months. Notably, mutations in the genes MCL1, MYC, TFEB, CCND3, AURKB, and ALOX12B were associated with a significantly worse prognosis, with p-values less than 0.05, underscoring their potential role as markers for aggressive disease courses. On the other hand, mutations in VEGFA were also correlated with a poorer prognosis, with p-values approaching the threshold of significance (near 0.05), suggesting a trend that warrants further investigation for definitive conclusions (Figure 5 and Table S2).




Figure 5 | Potential biomarkers related to the prognosis of osteosarcoma patients. The Kaplan-Meier curves separately depict the overall survival (OS) for patients with and without mutations in the genes VEGFA (A), CCND3 (B), TFEB (C), MCL1 (D), AURKB (E), and MYC (F). The p-values between the risk groups were calculated using the log-rank test.






3.7 Available drug mutations in osteosarcoma

Actionable drug mutations were detected in 58% (113 out of 194) of patients, encompassing 185 mutations across 35 target genes, with VEGFA being the most frequently mutated gene associated with drug responsiveness. About 25% (49/194) of patients harbored the mutations of angiogenesis related gene amplification, such as VEGFA, KIT, KDR, PDGFRA, ARAF, FGFR1, VHL, and TFE3, and 18% (34/194) patients were harbored CDK4/6 inhibition related mutations. These results suggested the potential targeted treatment of osteosarcomas. In pediatric adolescent patients, 86 available drug mutations from 23 targeted genes were detected in 49 osteosarcoma patients. In adolescent patients, 66 available drug mutations from 25 targeted genes were detected in 49 osteosarcoma patients, and in adult patients, 25 available drug mutations from 15 targeted genes were detected in 15 osteosarcoma patients. The most common available drug mutated genes include VEGFA in pediatric and adolescent patients, CDK4 in adolescent patients, and CDKN2A, and CDKN2B in adult patients. According to the drug type, the drug available mutations were divided into Anti-PD-1/PD-L1 related mutations such as CD274 and PDCD1LG2, CDK4/6 inhibitor related mutations such as CDKN2A, CDKN2B, CCND1, and CDK4, mTOR inhibitor related mutations such as PTEN, MTOR, FBXW7, PIK3CA, and STK11, Multi-TKI related mutations such as VEGFA, KIT, KDR, PDGFRA, ARAF, FGFR1, VHL, and TFE3, VEGFA, KIT, KDR, PDGFRA, ARAF, FGFR1, VHL, and TFE3, and PARP inhibitor related mutations such as ATM, BRCA2, and BRCA1, and TKI related mutations such as ALK, KRAS, NRAS, ROS1, MET, BRAF, EGFR, and MET. We found that the frequency of Multi-TKI related mutations was significantly higher in pediatric and adolescent patients than that in adult patients (34.57% vs 21.18% vs 10.71%, P =0.02), while the frequency of CDK4/6 inhibitor related mutations was significantly higher in adult patients than that of pediatric and adolescent patients (32.14% vs 18.82 vs 11.11%, P= 0.04) (Figure 6).




Figure 6 | Comparison of available drug mutation distribution in pediatric, adolescent and adult osteosarcoma group. * p < 0.05.



In the cohort of patients with VEGFR amplification, 13 individuals underwent adjuvant therapy with multi-kinase inhibitors post-surgery, including agents such as anlotinib, apatinib, and recombinant human vascular endothelial inhibitors. The median duration of follow-up was 3 months (1-20 months). Within this subgroup, 3 patients achieved a Partial Response (PR), all of whom were younger than 15 years. Furthermore, 4 patients maintained Stable Disease (SD), and 6 patients experienced Progressive Disease (PD). Notably, among the patients with PD, 4 exhibited additional genetic alterations: 2 cases with CDK4 amplification, 1 with PIK3CA amplification, and 1 with a PTEN mutation.

One notable case of PR was a 13-year-old patient diagnosed with proximal tibial osteosarcoma, which demonstrated VEGFR amplification. The patient underwent a successful surgical resection of the tumor on December 18, 2018, which was classified as Stage IIB by postoperative pathology. Between January 14, 2019, and February 22, 2019, the patient received two cycles of adjuvant chemotherapy using pirarubicin and cisplatin. Subsequent treatment from April 2019 to January 2020 included the oral VEGFR inhibitor anlotinib hydrochloride (Focilex).

To assess treatment response, a baseline imaging study was obtained before the initiation of anlotinib, which identified multiple lung nodules. According to RECIST criteria, target lesions were defined, with the largest nodule in the lingular segment of the left upper lobe measuring 10mm in diameter (considered as the target lesion). Follow-up CT scans were performed to evaluate the response at regular intervals. On July 1, 2019, the size of the target lesion had decreased to 5mm, and by September 20, 2019, it had further reduced to 4mm. Comparative imaging on December 19, 2019, showed continued reduction in the size of the target lesion as well as non-target lesions. As of March 18, 2020, the target lesions have further reduced in size. Based on the RECIST criteria, this patient achieved a Partial Response (PR), with a significant reduction in the size of the target lesion and overall tumor burden (Figure 7).




Figure 7 | Computed Tomography (CT) imaging changes in tumor size during patient medication regimen.







4 Discussion

With the development of molecular biology and next-generation sequencing technology, the genomic variation information of many cancer types has been revealed and applied to targeted therapy. In osteosarcoma, due to the lack of osteosarcoma samples and extensive genomic heterogeneity, the determination of its somatic therapeutic targets is particularly challenging. Although germline genetic variation is an important risk factor associated with osteosarcoma, many studies are still aiming to explore new treatments by identifying osteosarcoma related biologically important pathways (1, 25, 26). In this study, we collected 194 osteosarcoma patients, grouped them according to their age, and analyzed the mutation characteristics of pediatric, adolescent and adult osteosarcoma patients.

Previous studies have shown that the common mutant genes in osteosarcoma include TP53, RB1, MYC (6, 7), however, there are few studies on the mutation characteristics of osteosarcoma patients based on large samples. Our results showed that not only identified the high-frequency mutations of TP53 and RB1, but also revealed high-frequency mutations in FLCN, NCOR1, VEGFA, CCND3, TFEB, MAP2K4, and ATRX in osteosarcoma. Mutations in FLCN gene are associated with Birt-Hogg-Dube syndrome, which is characterized by fibrofolliculomas, renal tumors, lung cysts, and pneumothorax (https://www.ncbi.nlm.nih.gov/gene/201163). The FLCN gene is commonly observed in patients diagnosed with both primary and metastatic osteosarcoma (27), with a higher frequency of alterations seen in pediatric cases compared to those in adults (28). NCOR1 is a tumor suppressor gene. According to AACR Genie cases, NCOR1 amplification is frequently occurred proportion in osteosarcoma, which only less frequent than leiomyosarcoma (29) (https://www.mycancergenome.org/content/gene/ncor1/). NCOR1 has been reported to be associated with prognosis in many cancer type (30, 31). In bladder cancer, NCOR1 mutation is associated with immune biomarker such as TMB, suggesting that it may be used as biomarker for immunotherapy (32). Therefore, NCOR1 has great potential for clinical application. Its high frequency amplification mutation in osteosarcoma may become a potential biomarker for guiding the treatment. ATRX deficiency can promote tumorigenesis, including enhanced cell movement of glioma cells and TGF in hepatoma cells- β Activation and CDH1 (E-cadherin) down-regulation (33–35). In osteosarcoma, ATRX deficiency also can promote tumor formation, growth, infection and metastasis (36). In this study, there was no significant difference in the proportion of ATRX mutations between pediatric, adolescents and adults.

The onset characteristics of osteosarcoma are related to the age of patients. The first peak of osteosarcoma is in adolescence, which indicates that there is a close relationship between adolescent growth spurt and osteosarcoma; The second peak of osteosarcoma occurs in adults over 65 years old, which may be related to the accumulation of mutations and the occurrence of diseases (37). However, little is known about the mutation characteristics of pediatric, adolescent and adult patients with osteosarcoma. The comparison of mutation characteristics between the three groups suggested that pediatric, adolescents are more prone to gene amplification / deletion and fusion than adults, and adults may accumulate more point mutations over time. The differential signature analysis indicates that mutations characteristic of BRCA1/2 and Aristolochic acid are more pronounced in adults, and homologous recombination deficiency associated signature may lead to the accumulation of DNA damage and genomic instability (38). These results suggested the special molecular characteristics of pediatric, adolescent and adult osteosarcoma patients. Compared to adult patients with osteosarcoma, we observed that the amplification frequencies of NCOR1, VEGFA, CCND3, and TEEB were higher in pediatric and adolescent patients. In contrast, the amplification frequencies of CDK4, TSPAN31, GLI1, MDM2, and FRS2 were highest in adult patients with osteosarcoma, followed by adolescents, and lowest in pediatric patients. There have been few reports on mutations of TEEB, GLI1, MDM2, and FRS2 in osteosarcoma. This suggests that the genetic mutation characteristics of osteosarcoma are age-related, and the pathogenesis of osteosarcoma may differ across various age groups. The CCND3 encodes a highly conserved cell cycle regulatory protein, and the expression of cyclin is characterized by cyclicity. The fusion of KCNMB4-CCND3 was ever detected in osteosarcoma and promoted the migration of osteosarcoma cell line SAOS-2 (39). The overexpression of VEGFA in various human tumors is associated with tumor cell invasion, increased vascular density, tumor metastasis, tumor recurrence and poor prognosis (40). The amplification of VEGFA may elevate their respective proteins in osteosarcoma (41). In this study, we grouped osteosarcoma patients by their age and suggested that high frequency VEGFA and CCND3 amplification may be the molecular characteristics of adolescent osteosarcoma patients. There has been an increasing interest in exploring the role of TSPAN31 in cancerous diseases. Earlier studies have discovered a significant rise in TSPAN31 levels in osteosarcoma, hinting at its possible link to the expansion and dissemination of the tumor. It is also important to point out that TSPAN31 acts as a natural antisense transcript to CDK4. Investigations have demonstrated that TSPAN31 plays a role in the advancement of tumors by controlling the expression of CDK4, with evidence from research on cervical and liver cancer cases (42–44). FRS2 and MDM2 are close to each other on chromosomes and are often detected in the form of co-amplification. Previous study had shown that the amplification of FRS2 and MDM2 occurs frequently in low-grade osteosarcoma (95%, 21/22), and only one of these patients is younger than 20 years old (45). Our research underscores the high amplification frequency of MDM2 within the adult patient population, particularly considering MDM2's role in the negative regulation of the p53 pathway—a pivotal aspect of tumor biology. The amplification of MDM2 correlates with increased protein levels capable of inhibiting p53, thereby promoting tumor progression and potentially exerting a detrimental effect on patient outcomes. The age-specific prevalence of MDM2 amplification identified in our study positions it as a valuable biomarker for the diagnosis and prognosis of adult osteosarcoma. It may also signal the need for more aggressive therapeutic approaches in this demographic group. Furthermore, the potential for targeted therapy against MDM2, with inhibitors that are already undergoing clinical trials for other cancers, presents an optimistic path for personalized treatment strategies. Recognizing the necessity for additional validation, we propose further research to solidify the predictive and prognostic utility of MDM2 amplification. This would involve larger patient cohorts and an analysis of clinical outcomes, such as treatment response, disease progression, and survival rates. Other studies have shown that higher TMB is more distributed in older patients (46). Similar results have been obtained in our study. The TMB of adult patients is higher than that of pediatric patients, which may be related to the long-term accumulation of point mutations. This also supports our previous conjecture to properly explain the age characteristics of osteosarcoma patients. A significant role of NGS in cancer precision medicine is to detect potential available targets (47). PDGFRA and KIT mutations are common in gastrointestinal stromal tumors (48). Our results suggest that these two mutations are also common in patients with osteosarcoma. Sunitinib, regorafenib, and imatinib have kinase inhibitory activities of KIT and PDGFRA (49). Studies have shown that regorafenib is also active in osteosarcoma (50). However, we did not find any difference in the frequency of these gene mutations between adolescent and adult osteosarcoma patients.

Osteosarcomas are genetically defined by significant genomic instability, which is manifested through extensive aneuploidy, the existence of imbalanced chromosomal rearrangements, and the frequent amplification or deletion of various genomic segments. Previous studies have indicated that amplifications in osteosarcoma are commonly concentrated in specific regions such as regions 6p12-p21, 8q24, and 17p11.2-p12 (51–53). However, differences in amplification regions among patients of varying age groups have not yet been reported. Our genomic analysis identified a chromosomal hotspot harboring high-frequency mutations at the 6p21 locus, particularly involving the TFEB, CCND3, and VEGFA genes. This region is known to be critical during pediatric and adolescence, and the presence of mutations in this area may indicate a predisposition to certain malignancies in younger populations. These results indicate the unique prognosis molecular indicators of osteosarcoma patients in different age groups.

Previous studies have indicated that the loss of RB1, amplification of MYC, and amplification of VEGFA are molecular characteristics that can identify high-risk patients. However, these risk factors have not been fully validated and cannot yet serve as the basis for clinical risk stratification (54). Our research findings suggest that in addition to MYC, mutations in the genes MCL1, TFEB, CCND3, AURKB, and ALOX12B are also significantly associated with poor prognosis. Additionally, mutations in the VEGFA gene have shown a trend towards association with poor prognosis, although the p-value is close to the significance threshold and has not yet reached statistical significance. Given the critical role of VEGFA in angiogenesis, this trend suggests that the gene might play a role in vascular supply and tumor microenvironment formation in osteosarcoma. These findings prompt us to further investigate the specific role of VEGFA in the development of osteosarcoma and to explore its potential as a therapeutic target.

VEGFA can bind to vascular endothelial growth factor receptor on the surface of cell membrane, produce biological effects through a series of signal pathways, and finally lead to angiogenesis (55), and plays a role in regulating vascular development and is the target of targeted drugs to inhibit angiogenesis (56). VEGF/VEGFR can be used as a target to inhibit angiogenesis (57–59). The most common CNV of osteosarcoma includes VEGFA, which suggested the potential opportunity to benefit from anti-angiogenic agent (60). In our cohort, we stratified the patients and found that 100% of patients with VEGFA mutations belong to pediatric and adolescent patients. The VEGFA variations correspond to Multi-TKI, and the high proportion of VEGFA variants in pediatric and adolescents may result in the more opportunities to benefit from Multi-TKI treatment than adults. This also showed that it is necessary to stratify patients with osteosarcoma according to their age and provide accurate medical treatment.

The CDK4/6 inhibitor related gene include CDKN2A/B, CCND1, and CDK4, and the variations frequency of these genes increase with age (61). Research has indicated that elevated levels of CDK4 expression and its amplification in tumors serve as predictive biomarkers for resistance to standard chemotherapy in osteosarcoma (OS) patients, suggesting that palbociclib holds potential as an effective treatment option for this clinically challenging group (62). Our study findings confirm the same trend, with higher frequencies of CDKN2A/B, CCND1, and CDK4 gene mutations observed in adults. This indicates that with the growth of age, adult osteosarcoma patients are more likely to accumulate age-related gene mutations, including CDKN2A/B, CCND1, and CDK4, which supports that adult osteosarcoma patients may have more opportunities to benefit from CDK4/6 inhibitors.

Additionally, our study found that the number of patients under the age of 15 (81 cases) closely matches those aged 15-25 (85 cases), with their molecular differences predominantly centralized in variations in enriched signaling pathways. In patients older than 15, gene mutations are mainly enriched in the cell cycle and PI3K/mTOR signaling pathways. In contrast, patients younger than 15 exhibit gene mutations largely concentrated in the cell cycle and angiogenesis signaling pathways. CDK4 mutations are more frequently observed in adolescent patients. Furthermore, all patients who achieved partial remission with multitargeted kinase inhibitor therapy were under the age of 15. There are also mutual molecular features; mutations in VEGFA, CCND3, and TFEB are significantly present in both children and adolescents. The amplification rates of VEGFA and XPO5 are high in pediatric and adolescent patients as well, whereas mutations in CDKN2A and CDKN2B are more common in adults, underscoring the stark differences between pediatric/adolescent and adult patients. Adolescent patients may represent a transitional state in terms of molecular characteristics and treatment responses, falling between children and adults.

The study examining molecular distinctions among pediatric, adolescent, and adult patients with osteosarcoma is subject to several limitations: It encompasses a modest patient population of 194 cases, potentially curtailing the power to discern differences and possibly not reflecting the wider osteosarcoma demographic. Although the research indicates potential associations between certain mutations and poorer outcomes, these findings do not confirm causality or establish definitive prognostic indicators without additional substantiation. Consequently, while the study sheds valuable light on the molecular landscape of osteosarcoma across various age groups, the results warrant cautious interpretation and require corroboration via more extensive, prospective, multicentered studies with prolonged follow-up periods and randomized clinical trials to determine the true clinical relevance of the molecular markers identified. Another limitation of our study is that 28 of 194 patients who were enrolled had tissue samples obtained from needle biopsies, and tumor heterogeneity poses substantial challenges. This heterogeneity implies that distinct molecular profiles may be present in different tumor areas, making genetic data interpretation complex. Biopsy samples inherently offer a limited snapshot of the entire tumor since they are typically obtained from a single region. This selective sampling might render an incomplete or potentially misleading picture of the tumor's genetic makeup. The impact of tumor heterogeneity on study outcomes is significant; it may lead to overrepresentation of genetic alterations that are prevalent in the sampled region but not indicative of the whole tumor. Conversely, crucial mutations in other tumor parts may be overlooked. Such omissions could profoundly affect our conclusions on the correlation between genetic mutations and clinical outcomes, as they might not accurately reflect the mutational burden of the entire tumor. To mitigate the potential biases introduced by tumor heterogeneity in biopsy samples, future studies should consider incorporating multiple biopsy samples from diverse tumor regions when possible. Additionally, the comparison of genetic data from biopsy samples with that from complete tumor resections could yield a more holistic view of the molecular changes in osteosarcoma. Employing standardized methods for sample collection and DNA sequencing, as well as including larger patient cohorts from various demographics, is essential for future research. These steps will help lessen the effects of heterogeneity and enhance the generalizability of the study's findings to a broader osteosarcoma patient population. In this study, the majority of the specimens were surgical samples obtained after 2 to 3 cycles of neoadjuvant chemotherapy. We acknowledge that neoadjuvant chemotherapy may impact the genomic analysis of the surgical tissue. The potential effects include a significant reduction in the number of detectable tumor cells, which could affect genetic analyses that require a sufficient quantity of tumor cells. Chemotherapy might selectively eliminate tumor cell populations that are sensitive to the drugs, leaving behind resistant populations, which could result in altered genetic characteristics of the tumor. Furthermore, chemotherapy could influence the gene expression patterns within tumor cells, leading to the upregulation or downregulation of certain genes, thereby affecting the outcomes of genetic testing.

In this study, we examined the molecular characteristics of osteosarcoma across pediatric, adolescent, and adult patients, highlighting differences in the molecular mechanisms of the disease between adolescents and adults, and investigated biomarkers that could specifically predict the prognosis of adolescent osteosarcoma patients. Furthermore, we identified the importance of age in the distribution of copy number variations (CNVs) and point mutations, revealing age-related pathogenic differences and the potential influence of certain genetic variations on patient outcomes. Notably, younger patients with VEGFR-amplified osteosarcoma who received adjuvant multi-kinase inhibitor therapy achieved partial remission or disease stabilization, emphasizing the necessity for personalized treatment approaches. These insights contribute to a deeper understanding of the genetic heterogeneity in osteosarcoma and support the development of precise diagnostic and treatment strategies that are tailored to the individual needs of patients from different age cohorts.
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Glioblastoma remains the most prevalent and aggressive primary malignant brain tumor in adults, characterized by limited treatment options and a poor prognosis. Previous drug repurposing efforts have yielded only marginal survival benefits, particularly those involving inhibitors targeting receptor tyrosine kinase and cyclin-dependent kinase-retinoblastoma pathways. This limited efficacy is likely due to several critical challenges, including the tumor’s molecular heterogeneity, the dynamic evolution of its genetic profile, and the restrictive nature of the blood-brain barrier that impedes effective drug delivery. Emerging diagnostic tools, such as circulating tumor DNA and extracellular vesicles, offer promising non-invasive methods for real-time tumor monitoring, potentially enabling the application of targeted therapies to more selected patient populations. Moreover, innovative drug delivery strategies, including focused ultrasound, implantable drug-delivery systems, and engineered nanoparticles, hold potential for enhancing the bioavailability and therapeutic efficacy of treatments.
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1 Introduction

Glioblastoma (GB) is the most common and aggressive adult primary malignant brain tumor. First-line FDA-approved treatment relies on a multimodal approach of surgery, radiation, temozolomide (TMZ) chemotherapy, and tumor-treating fields. Unfortunately, the prognosis remains poor, with a median overall survival (mOS) of 20.9 months and a median progression-free survival (mPFS) of 6.7 months (1). The therapeutic outcomes are even less favorable in recurrent disease, where there is no standard of care, and the mOS from the first recurrence is around 6.5 months (2). Currently, there are only limited FDA-approved drugs for GB, such as TMZ, Bevacizumab, CCNU, and BiCNU, highlighting the urgent need for new treatment options for GB. One of the most promising approaches in cancer therapy is implementing next-generation sequencing (NGS) techniques to uncover actionable mutations that can be targeted in a tissue-agnostic fashion. In that regard, repurposing existing anticancer medications offers a potentially efficient and effective tool to discover new therapeutic agents for GB.

Here, we will discuss the previously explored repurposing efforts in the treatment of GB based on targeting two of the three most altered signal transduction pathways in GB: Receptor tyrosine kinase (RTK) and cyclin-dependent kinase (CDK)-retinoblastoma (Rb) (3). Approximately 57-60% of glioblastomas exhibit alterations in the RTK/PI3K pathway, with EGFR amplification or mutation being the most common, occurring in about 40-50% of cases (3). The CDK-Rb pathway is also frequently altered, with aberrations occurring in about 78-80% of cases, often involving the loss of CDKN2A, amplification of CDK4 or CDK6, and/or inactivation of the Rb1 protein. There are no validated targeted therapeutics for the murine double minute 2 (MDM2)-p53 pathway, the third commonly altered pathway in GB or other malignancies, primarily due to its crucial role in normal cell functions (4).

Despite an increased understanding of GB tumor biology with discoveries of potential targets, the unique challenges posed by this aggressive tumor continue to thwart treatment benefits. The tumor microenvironment (TME) of GB is highly heterogeneous and exceptionally dynamic, creating a landscape where cancer cells can evade therapies and rapidly adapt to treatment pressures. Compounding this complexity is the formidable blood-brain barrier (BBB), which acts as a gatekeeper, severely limiting the delivery of therapeutic agents to the tumor bed. Moreover, the inherent risk and challenges with accessing GB tissue at recurrence further hamper the ability to tailor treatments to individual patients, making it difficult to combat this relentless disease.

However, hope lies in innovative approaches designed to overcome these barriers. Cutting-edge techniques aimed at enhancing the detection of cancer biomarkers are on the horizon, offering the potential for more precise targeting of GB. Additionally, novel drug delivery vehicles, such as nanoparticles (NPs), are being developed to penetrate the BBB and deliver therapies directly to the tumor site. These advancements not only hold promise for improving treatment outcomes but also represent a bold step forward in the fight against GB.




2 RTK pathway inhibitors



2.1 Epidermal growth factor receptor-targeted agents

Anti-EGFR tyrosine kinase inhibitors (TKIs) have been a focal point in GB treatment trials due to the high rates of EGFR alterations, reaching ~60% in GB (5). Gefitinib was the first anti-EGFR TKI tested in GB. Various trials evaluated the role of gefitinib monotherapy in recurrent glioblastoma (rGB) treatment, showing good safety data but without promising efficacy (6, 7). The use of gefitinib with other RTK pathway inhibitors (8) and in newly diagnosed GB (nGB) treatment (9) was similarly inefficacious.

Erlotinib demonstrated limited efficacy in the treatment of GB. Early clinical trials indicated minimal activity, primarily because the drug couldn’t penetrate the blood-brain barrier (BBB) effectively and because the tumor growth wasn’t largely dependent on the targeted pathway (10). Subsequent trials exploring combinations of erlotinib with various chemotherapeutic agents, such as carboplatin, failed to yield significant improvements in PFS or OS in rGB (11). Additionally, while the addition of receptor tyrosine kinase (RTK) pathway inhibitor sirolimus, the mammalian target of rapamycin (mTOR) inhibitor temsirolimus, Ras/Raf/mitogen-activated protein kinase (MAPK) inhibitor sorafenib, and the anti-angiogenic agent bevacizumab was well tolerated, these combinations did not translate into clinically meaningful survival benefits (12–15). Furthermore, erlotinib demonstrated limited efficacy in treating newly diagnosed glioblastoma (nGB) (16).

Lapatinib, a dual inhibitor of EGFR and human epidermal growth factor receptor 2 (HER2), is the most frequently tested EGFR inhibitor in GB trials. However, its activity has been minimal when used as alone (17) and in combination with TMZ (18) or with pazopanib in rGB (19). In the nGB setting, pulsatile dosing of lapatinib in conjunction with TMZ chemoradiation was well-tolerated and showed promise in a phase 2 study, although further clinical data is currently lacking to establish its efficacy (20). The anti-EGFR monoclonal antibody cetuximab has not consistently outperformed existing GB therapies (21, 22). Nevertheless, a subgroup analysis from a phase 2 trial involving rGB patients with EGFR mutations revealed that tumors with EGFR amplification but without the EGFR variant III mutation experienced a statistically significant increase in progression-free survival (PFS) of 3.03 months compared to 1.63 months (p = 0.006), with a trend toward improved overall survival (OS) of 5.56 months versus 3.97 months (p = 0.12) (22). This suggests that certain EGFR mutations may confer a selective advantage in anti-EGFR treatment for GB.

Nimotuzumab is another anti-EGFR monoclonal antibody that has shown some promise, particularly when combined with radiation or TMZ chemoradiation. A phase 2 study reported an improved median overall survival (mOS) when nimotuzumab was combined with radiation in patients with high-grade glioma, showing a mOS of 17.76 months compared to 12.63 months in the placebo plus radiation group (23). Another phase 2 trial yielded similar positive outcomes with nimotuzumab (24). However, a subsequent phase 3 trial that combined nimotuzumab with TMZ chemoradiation did not replicate these survival benefits (25), suggesting a nuanced potential for monoclonal antibodies in targeted GB therapy, dependent on specific patient genetic profiles.

Recent preclinical studies utilizing in vitro glioblastoma stem cells (GCS) models and GB orthotopic xenograft model with EGFR variant III showed antitumor activity along with inhibition of EGFR downstream signaling pathway for the third-generation EGFR inhibitor osimertinib (26). Initial clinical studies of osimertinib in GB treatment are promising. Two small retrospective studies on rGB patients with EGFR mutations showed some benefit when used as monotherapy (27) and in combination with bevacizumab (28). These promising findings indicate that osimertinib’s primary advantage over earlier generations of EGFR inhibitors in GB therapy lies in its superior ability to penetrate BBB.




2.2 Platelet-derived growth factor receptor-targeted agents

Imatinib, a drug primarily approved for leukemia, has been explored for its potential in treating rGB with mixed outcomes. An initial phase 2 study combining imatinib with hydroxyurea demonstrated some antitumor activity, with a median PFS of 14.4 weeks and 9% of patients achieving radiographic responses (29). However, subsequent trials found no significant clinical benefit with imatinib, either as a monotherapy or in combination with hydroxyurea (30–32). Similarly, other early-phase trials that combined imatinib with TMZ (33) or the vascular endothelial growth factor receptor (VEGFR) inhibitor vatalanib (34) reported minimal clinical activity. While neoadjuvant administration of imatinib resulted in detectable drug levels in brain tissue, it had a limited impact on tumor proliferation and patient survival (35, 36), highlighting the drug’s limited efficacy in this context.

Dasatinib, another leukemia-approved drug, was tested in rGB with minimal success. A retrospective study combining dasatinib with bevacizumab showed little activity (37), and further trials involving dasatinib with CCNU highlighted significant hematologic toxicities (38), curtailing additional studies with this combination. More focused clinical trials on rGB harboring activation or overexpression mutations of dasatinib targets, such as SRC, c-kit, EPHA, and PDGFR, also indicated insufficient clinical benefits, even with pulse-dosing strategies combined with bevacizumab (39).

Ripretinib (DCC-2618), an innovative type 2 tyrosine switch control inhibitor of the KIT and PDGFRA activating mutations, showed some potential in an early-phase study in which five high-grade glioma patients were enrolled. One of the two GB patients carrying triple amplification of PDGFRA, KIT, and KDR (4q12 amplicon) showed a remarkable 94% tumor reduction and survived through over 20 cycles. However, larger-scale evidence is still lacking (40).

Despite the theoretical promise based on their successful oncological applications elsewhere, none of those above PDGFR-targeted agents demonstrated substantial benefits in GB, particularly in recurrent settings.




2.3 VEGFR-targeted agents

Cabozantinib, a multikinase inhibitor targeting targets Met, VEGFR, and Axl, has been approved for different cancers. It has been tested in rGBs with mixed results. In large phase 2 trials, cabzantinib demonstrated reasonable tolerance and some clinical activity in rGB patients who were naïve to antiangiogenic therapy (41) or those previously exposed to an antiangiogenic agent (42).

Another multi-kinase inhibitor, Sunitinib, showed limited antitumor activity across several GB trials. Its use with irinotecan resulted in moderate toxicities and insufficient clinical effectiveness (43, 44), leading to the early termination of a subsequent phase 2 trial (45). Another phase 2 trial using sunitinib monotherapy in non-resectable nGB also failed to show antitumor activity (46). Despite these setbacks, interest in sunitinib continues with ongoing trials exploring different dosing strategies in the rGB setting.

Pazopanib, approved for sarcoma, is also a multikinase inhibitor targeting VEGFR and PDGFR. It has similarly struggled to demonstrate efficacy in GB. An initial trial using pazopanib monotherapy in rGB failed to prolong PFS, and a subsequent trial combining pazopanib with lapatinib in rGB yielded questionable antitumor activity with 0% and 15% PFS rates in PTEN/EGFRvIII-positive and PTEN/EGFRvIII- negative cohorts respectively (19). A complex combination therapy trial combining pazopanib and four other drugs showed promising clinical response rates: complete response (CR) in 18.2.%, partial response (PR) in 36.3%, and stable disease (SD) in 27.3% of patients. However, issues with patient compliance halted further exploration of this regimen (47). Additional studies pairing pazopanib with topotecan and bevacizumab also did not meet the anticipated outcomes, recording poor mPFS and mOS rates compared to historical controls, as reported in preliminary results on clinicaltrials.gov (48).




2.4 Fibroblast growth factor receptor-targeted agents

The frequency of FGFR mutations in GB is relatively low, resulting in limited use of FGFR inhibitors in this disease. However, various preclinical studies showed that FGFR signaling has a significant impact on GB progression (49).

Infigratinib monotherapy was tested on twenty-six rGB patients in a phase 2 trial, and it showed limited efficacy overall. However, durable disease control was observed in subgroups of patients harboring FGFR1 or FGFR3 point mutations or with FGFR3-TACC fusion mutation (50).

Two separate FGFR-mutated solid malignancy basket trials with erdafitnib (51) and pemigitinib (52), including thirty-two and twelve glioma patients, respectively, showed promising clinical benefits that have not been verified in subsequent trials yet.




2.5 PIK/Akt/mTOR pathway inhibitors

The PI3K/Akt/mTOR pathway, mutated in approximately 45.6% of GB cases, has been one of the key pathways implicated in tumorigenesis.

Paxslisib is a selective small-molecule PI3K inhibitor used in two glioma trials. A phase 1 study on forty-seven recurrent high-grade glioma patients showed reasonable safety and promising efficacy, with 40% having SD (53). A subsequent multi-center phase 2 study on thirty patients with O6-methylguanine-DNA methyltransferase (MGMT) promoter unmethylated nGB showed encouraging survival data with median PFS and OS of 8.6 months and 15.7 months, respectively (54).

Buparlisib, a pan-PI3K inhibitor, has been the focus of several clinical trials in GB. Although it showed good brain penetrance and tolerability in a phase 2 trial for rGB with PI3K pathway activation mutations, its efficacy was limited, with only a small fraction of patients achieving PFS at six months (55). Subsequent trials combining buparlisib with other therapies like bevacizumab, carboplatin (56), or the c-met inhibitor capmatinib (57) did not demonstrate superior efficacy over monotherapy or existing treatments.

Another therapeutic approach involved the mTOR inhibitors temsirolimus and everolimus, both of which have been extensively evaluated in GB in various clinical settings. An early phase trial using temsirolimus in rGB showed promising results, with 36% of participants showing radiographic responses and significantly longer time to progression than non-responders (58). However, the drug failed to meet efficacy endpoints in subsequent studies, including combinations with TMZ chemoradiation (59) and sorafenib (60). These combinations often resulted in increased toxicity, most notably severe hematologic toxicity, and increased infection risk (61).

Everolimus use with TMZ and radiation in nGB has shown reasonable tolerability in phase 1 trials (62–64). However, subsequent phase 2 trials did not demonstrate a significant survival benefit over historical controls (65) or over TMZ arm in a randomized trial (66). A phase 2 study for nGB treatment with concurrent TMZ, bevacizumab and radiation therapy followed by adjuvant treatment with bevacizumab/everolimus showed a favorable response with median PFS of 11.3 months but not mOS benefit compared to historical control. Additionally, the radiographic objective response rate (ORR) of 61% could have been influenced by the use of bevacizumab, considering its known radiographic effects (67).




2.6 Pan-kinase inhibitors

Anlotinib is a multi-kinase inhibitor targeting VEGFR, PDGFR, and FGFR. In a phase 2 study involving 21 patients with recurrent rGB, anlotinib combined with temozolomide demonstrated efficacy, achieving a median progression-free survival (PFS) of 7.3 months and a median overall survival (OS) of 16.9 months (68). Additionally, anlotinib showed promising activity in patients with MGMT promoter-unmethylated nGB when used in place of temozolomide in a phase 2 study of 32 patients (69).

Regorafinib, a pankinase inhibitor, was initially tested as monotherapy on rGB patients in a phase 2 trial, which showed a survival benefit when compared to CCNU (70). Recently, a large multi-center prospective observational trial on 190 rGB patients showed similar promising mOS and better drug tolerability compared to that seen by Lombardi et al. (71).





3 CDK-Rb targeting agents

Targeting this pathway in oncology has been primarily limited to CDK4/6 inhibitors.

Abemaciclib activity in rGB was assessed in a basket trial involving seventeen GB patients and showed limited effectiveness. A subsequent phase 2 trial on thirty-two rGB with documented CDK mutations showed SD in 35.5% and PR in 3.2% of the patients (72). More recently, abemaciclib was tested on seventy-three nGB patients in a phase 2 study, resulting in improved PFS compared to standard of care (HR 0.72; one-sided p =0.046), suggesting some potential for this drug in specific GB populations, but it failed to demonstrate significant overall survival (OS) benefit (73).

Palbociclib role in GB has been less encouraging. A phase 2 trial on heavily pretreated rGB patients noted adequate pharmacokinetics but ultimately showed limited efficacy, leading to the trial’s termination (74). No further studies are currently investigating its role in GB.

Ribociclib, another CDK4/6 inhibitor, also displayed minimal clinical activity in a phase 0/2 surgical trial on rGB patients (75). The trial identified upregulation of the mTOR pathway as a potential resistance mechanism, suggesting the addition of mTOR inhibitor as a potential strategy to enhance ribociclib effectiveness in GB treatment.




4 Repurposing targeted drugs in GB: challenges and solutions

Below described are the main barriers to GB targeted therapy, which is a field largely dependent on repurposed drugs, with a few exceptions outside the scope of this review.



4.1 Complexity of GB biology

Intra-tumoral heterogeneity, which has also been previously described in GB using single-cell RNA-seq profiling (76), complicates accurate targeted therapy in several ways. Different regions within the tumor exhibit distinct genetic, epigenetic, and transcriptional profiles. As a result, tissue samples, particularly those obtained through biopsy, may not capture the full spectrum of mutations within the tumor, leading to suboptimal treatment strategies that fail to target all tumor cell populations. Furthermore, this variability complicates the identification of reliable therapeutic targets, as a target found in one tumor region may be absent in another, increasing the likelihood of treatment failure. Resistance mechanisms also play a critical role, with certain cell populations potentially being resistant to specific therapies due to their unique genetic or epigenetic characteristics. This resistance can lead to disease progression and recurrence, especially as therapy may select for these resistant clones over time. While single-cell RNA-seq provides valuable insights into tumor heterogeneity, its application in clinical practice is limited by the complexity and resources required for its clinical use.

Redundant signaling pathways in gliomagenesis limit the effectiveness of targeted therapies that focus on a single gene or pathway, even when the tumor’s complete molecular profile is known. Combination strategies that target multiple actionable mutations within a tumor could potentially enhance the efficacy of targeted therapies for GB. However, the potential benefits of such approaches must be carefully weighed against the risk of cumulative toxicities associated with combination treatments. Additionally, our understanding of the role of downstream mutations within gliomagenesis signaling pathways remains incomplete. For example, PTEN mutations, which occur downstream of EGFR signaling, have been identified as a resistance factor in anti-EGFR therapy for GB, highlighting the complexity of these pathways and the challenges in developing effective targeted treatments (77). Figure 1 further illustrates the intricate and overlapping signaling cascades within the RTK pathway, emphasizing the complexity involved in the context of the various targeted therapeutics discussed above.




Figure 1 | RTK Pathway. Overview of targeted inhibition of various RTK signaling enzymes.



Another challenge is the lack of a consensus on what level of increased expression is considered significant enough to influence clinical decisions. NGS platforms routinely provide the percentage of overexpression of an amplified gene, but there are no studies that have stratified clinical response to a drug by the fold-increase of its target. Retrospective analysis of clinical trial data using targeted therapeutics based on survival by target fold-increase may help refine personalized therapies.

Reliance on a single molecular profiling platform, such as NGS, can diminish the importance of other platforms in identifying personalized treatment response signatures. For instance, methylation profiling of GB specimens is currently the only sequencing method that can identify a subset of IDH-wild type gliomas. This subset represents a negative prognostic marker that is sufficient to diagnose GB in a glioma, regardless of its histopathological grade (78). On the other hand, methylation of MGMT gene promoter is associated with a more favorable prognosis (79). High-throughput drug screening combined with pan-omic molecular profiling of response can help generate relevant predictive biomarker libraries (80), resulting in a more nuanced approach to targeted therapy, one that is not single actionable mutation-based. Such efforts can also help inform future clinical trial design.




4.2 Dynamic evolution of the tumor

GB is a dynamic tumor that continuously evolves in response to therapeutic interventions like radiation and chemotherapy. This evolution is driven by clonal diversity within the tumor, where different cell populations harbor distinct genetic mutations. As treatments impose selective pressures, sensitive clones are eliminated, while resistant clones survive and proliferate. For example, radiation and chemotherapy, such as alkylating agents, work by imposing lethal DNA damage. However, clones with efficient DNA repair mechanisms can selectively survive through radiochemical stress and flourish in less competitive environments. On the other hand, the increased mutation burden from radiation or chemotherapy can potentially lead to the emergence of new mutations that confer resistance to the therapy (81). This dynamic nature means that the tumor’s mutational profile at recurrence differs from its profile at diagnosis, and the problem is exacerbated by limited access to GB tissue at recurrence, as re-resection is not always safe or preferred. The failure of most targeted therapy trials for rGB can be attributed to their focus on the tumor’s initial mutational profile, which may not reflect the tumor’s current genetic state due to its evolution over time. Advances in liquid biopsy techniques for non-invasive profiling of GB can help to overcome this challenge and will be discussed in more detail in the next section.

For nGB, the presence of FDA-approved standard chemotherapy (TMZ) limits the application of new therapies and delays the approval of new drugs for nGB. Advances in clinical trial design for these patients fall under one of three categories:

	Combining the experimental drug with TMZ so as not to deprive patients of standard of care treatment.

	Using an experimental drug instead of TMZ in the setting of unmethylated MGMT promoter which results in high expression of the DNA-repair enzyme MGMT. Overexpression of MGMT results in decreased response to alkylating agents such as TMZ, as evidenced by the significantly improved survival outcomes in the MGMT promotor methylated group (Median PFS 19 mo vs. 6 months; p=.014) when adjuvant TMZ, lomustine, and radiation therapy was used (82).

	Utilizing adaptive trial platforms to accelerate drug discovery in an efficient and cost-effective manner. This approach involves continuously adjusting multiple treatment arms, including adding new ones and terminating others early based on emerging data, all within a single master protocol. Response-adaptive randomization allows trials to progress through different phases more quickly and facilitates the rapid identification of promising therapies and response biomarkers. Currently, two major adaptive trials in GB, AGILE and INSIGhT, have successfully increased enrollment rates by leveraging this methodology (83)



Lastly, the frequency of an actionable mutation within a tumor, as indicated by variant allele frequency (VAF) in NGS reports, varies between different GB specimens. However, targeted therapy trials almost never include a VAF cutoff as an eligibility criterion. Consequently, these trials’ perceived low response rate may be diluted by a subset of patients with low VAF, highlighting the need for detailed subgroup analysis upon trial completion.




4.3 GB microenvironment



4.3.1 BBB

BBB is a critical and complex structure that serves as a dynamic interface between the bloodstream and the CNS. It is primarily composed of endothelial cells, basement membrane, pericyte, and astrocyte. The endothelial cells are tightly connected by intracellular junctions that play a crucial role in maintaining the highly selective permeability of the BBB, allowing it to regulate the movement of ions, molecules, and cells between the blood and the neural tissue (84, 85). This selective permeability is essential for maintaining CNS homeostasis, protecting the brain from toxins, pathogens, and immune cells, and regulating the influx and efflux of nutrients and other compounds necessary for brain function. The BBB’s integrity is hallmarked by its high transendothelial electrical resistance (TEER), which restricts the passage of most water-soluble compounds, including polar drugs (86). Only small, lipophilic molecules, such as oxygen and carbon dioxide, can passively diffuse across the BBB. Additionally, specific transporters and receptors on the endothelial cells facilitate the selective transport of essential molecules like glucose, amino acids, and nucleosides, while actively effluxing potentially harmful substances, including many therapeutic drugs, back into the bloodstream.

This highly selective and regulated nature of the BBB presents a significant challenge in the treatment of GB. The barrier limits the delivery of therapeutic agents, particularly large or hydrophilic molecules, into the brain. Most anti-neoplastic drugs, which are often hydrophilic and large, cannot cross the BBB efficiently due to their size and polarity (87, 88). Furthermore, the presence of active efflux transporters like P-glycoproteins exacerbates this challenge by pumping out drugs that manage to penetrate the endothelial cells (89). Moreover, the BBB’s integrity is not uniform throughout the GB tumor (90). While the BBB may be compromised in some regions of the tumor, allowing partial drug penetration, other areas may still have an intact barrier, further complicating effective drug delivery. This heterogeneity in BBB disruption within GB tumors means that even if a therapeutic agent reaches some parts of the tumor, it may not reach all areas, leading to incomplete treatment and potential recurrence. Consequently, innovative strategies are required to either bypass or transiently disrupt the BBB to improve drug delivery and therapeutic efficacy in GB treatment. One strategy involves incorporating a window-of-opportunity component into surgical clinical trials. In this approach, patients receive the experimental drug before the tumor resection. Pharmacodynamic studies on the resected tumor can then determine whether the drug crossed the blood-brain barrier (BBB) and performed its expected function. This helps differentiate between a mechanistic failure and a delivery failure of the experimental drug (91). BBB disruption is another strategy that will be discussed in more detail below.




4.3.2 Hypoxia

GB TME features a necrotic core primarily formed due to high cell density or vaso-occlusive events leading to hypoxia, a pervasive feature in GB. The hypoxic niches contribute to the development of therapy resistance to conventional chemotherapy, which often relies on oxygen to generate reactive oxygen species (ROS) that damage cancer cells. This results in increased expression of hypoxia-inducible factors (HIFs), which promote angiogenesis (via VEGF upregulation) and invasion (92, 93). In the context of radiotherapy, hypoxic tumor cells exhibit increased resistance due to their impaired ability to produce damaging oxygen radicals upon irradiation (94). Additionally, HIFs help mitigate the DNA damage caused by radiotherapy, further reducing its effectiveness (95).




4.3.3 Acidosis

Tumor acidosis crucially impacts the effectiveness of various therapeutic interventions by modulating the TME and promoting oncogenesis. It enhances the expression of glioma stem cell (GSC) markers, fostering tumor growth through paracrine actions that involve angiogenic factors controlled by HIFs, particularly HIF-2α (96). Acidosis also heightens autophagic activity linked to the maintenance and aggressiveness of GSCs (97). Additionally, it supports tumor invasion by activating cathepsin L, which converts plasminogen into plasmin, leading to the degradation of key extracellular matrix proteins and activation of latent matrix metalloproteinases (98). It also compromises the efficacy of chemotherapeutics, particularly weak base drugs like doxorubicin and vincristine, through ion trapping that reduces their intracellular concentration and by increasing the efflux activity of the p-glycoprotein (99–101). Moreover, acidosis facilitates tumor immune escape and resistance to immunotherapy by impairing CD8+ T lymphocytes, reducing their cytokine secretion and expression of critical receptors, thus dampening key immune signaling pathways (102, 103). It also lowers the production of vital immune effectors by T cells and monocytes, enhances the number of myeloid-derived suppressor cells (MDSCs), and inhibits the cytotoxic functions of NK and NKT cells (104).




4.3.4 Glutathione

Elevated glutathione levels in GB lead to reduced oxidative stress which is crucial for disease progression (105). Although increased glutathione protects healthy cells from oxidative stress, it concurrently promotes resistance to many chemotherapeutics which exert their cancer killing properties by ROS production. This is further highlighted by studies showing that resistant cells had higher levels of glutathione and lower levels of ROS than TMZ-sensitive cells (106, 107).




4.3.5 Altered drug mechanism of action

Repurposed drugs may exert their effect on the CNS tumor differently from their actions in the originally FDA-approved tumor type (108, 109). Many drugs repurposed for GB treatment, like cabozantinib, inhibit multiple pathways. While they are primarily known as VEGF inhibitors, their role as multi-targeted tyrosine kinase inhibitors can lead to a range of effects, resulting in a broader range of biological effects. This variability in drug action within the unique CNS tumor microenvironment further complicates the therapeutic efficacy and predictability of these agents (110).

The cumulative effect of all these features is a selective pressure favoring the growth of resistant clones, complicating future therapies, whether targeted or otherwise.






5 Emerging diagnostic tools: liquid biopsy

As previously mentioned, the failure of drug repurposing efforts in GB can be attributed to several factors. Tumor heterogeneity, characterized by the presence of multiple clones, increases the likelihood of drug-resistant clones, resulting in treatment failure or recurrence. Even if the tumor initially responds to treatment, tumor cells may evolve into different phenotypes with new mechanisms of therapeutic resistance. In clinical practice, disease monitoring predominantly relies on imaging modalities, limiting the ability to observe real-time tumor dynamics and variations in biomarkers. While tumor biopsy at recurrence is an option, it is infrequently performed due to its morbidity risks and the lack of clear benefit. It remains uncertain whether molecular characterization of recurrent tumors provides a definitive survival advantage in patients treated with targeted therapies. In that regard, liquid biopsy rapidly emerges as a promising non-invasive diagnostic tool, showing encouraging results.

By analyzing molecular biomarkers in bodily fluids, liquid biopsies provide a real-time snapshot of the tumor’s genetic landscape without the need for invasive surgical procedures. This approach can detect changes in the tumor’s mutational profile over time, allowing for more precise and adaptive treatment strategies that respond to the tumor’s evolving nature. Liquid biopsies offer a promising tool to enhance the effectiveness of targeted therapies and improve the prognosis for GB patients by enabling continuous monitoring and timely adjustments to therapeutic interventions.

While the field of liquid biopsy in GB began with studies on circulating tumor cells, there are no validated or reproducible studies on isolating them. Therefore, we will focus here on the three main molecular markers studied in liquid biopsy (Figure 2).




Figure 2 | Liquid biopsy. An overview of the release of GB molecular biomarkers and cargo into the systemic circulation and its detection in plasma.





5.1 ctDNA

The detection of circulating tumor DNA (ctDNA) in glioma patients varies significantly between blood and cerebrospinal fluid (CSF). The BBB limits ctDNA detection in blood to less than 10% of glioma patients, primarily due to ctDNA’s inability to effectively penetrate the BBB (111). In contrast, ctDNA levels in CSF are generally higher (112, 113), as it is directly shed into the CSF from the tumor. However, monitoring treatment response by serial CSF ctDNA measurements requires repeated lumbar punctures and exposes patients to potentially unjustified morbidities.

Peripheral blood is a less invasive option for serial monitoring, facilitating longitudinal monitoring studies, but it presents several challenges. The rapid clearance of ctDNA with a half-life of about 1.5h (114) and the small size of ctDNA fragments, which may not include relevant genetic alterations, contribute to plasma ctDNA’s low sensitivity. However, recent advances in NGS have increased the sensitivity of their detection. According to Piccioni et al., the NGS panel could detect ctDNA mutation in blood from 50% of all brain tumor patients and 55% of GB patients (115), allowing for measurement of GB’s mutational profile evolution during treatment. A more recent pilot study enrolling ten glioma patients utilizing the CAPP-seq-based NGS technique reported a detection rate of up to 93.8% plasma samples with successful tracking of change in mutation profiles (116). The serial ctDNA analyses detected an emergence of mismatch repair gene MSH2 and MSH6 gene mutations, which is associated with hypermutation and potential development of TMZ resistance during treatment with TMZ. Another study utilizing a droplet digital PCR technique reliably detected the IDH1 mutation with 84% sensitivity in cross-comparison with tissue mutations (117). TERTp C228T mutation was detected in 88% of patients, and EGFRvIII mutation was detected in 71% of patients.




5.2 miRNA

There have been several studies exploring the role of circulating miRNA in GB. Differentially expressed miRNAs were identified in several studies comparing the plasma of GB patients to that of healthy controls (118–120). Circulating miRNAs can also serve as biomarkers correlating with OS and PFS in GB patients (121, 122). However, the clinical implications of these findings in relation to treatment strategies warrant further exploration.




5.3 Extracellular vesicles

Extracellular vesicles (EVs) are small membrane-bound vesicles released by cells under both normal and abnormal conditions, playing a crucial role in cell-to-cell communication. These vesicles transport genetic materials like DNA, mRNA, and miRNA across the body, influencing the behavior and phenotype of distant cells, including endothelial cells (123, 124).

EVs originating from gliomas or other cells in the tumor microenvironment appear to play crucial roles in tumor cell proliferation, invasion, malignancy, and drug resistance (125). Cancer cells release a greater number of EVs with differing protein and RNA contents, compared to non-malignant cells (126). These EVs facilitate communication with surrounding cells to alter the TME by influencing the behavior of local and recruited stromal cells, contributing to the creation of a tumor-supportive environment that enhances angiogenesis, immunosuppression, and the malignant transformation of cancer cells (127). Tumor-derived EVs can also enter into the circulation and prepare distant organs for metastasis by creating favorable conditions for tumor cell growth (128). This process, known as pre-metastatic niche formation, involves steps such as inducing vascular leakiness, altering stromal components, and suppressing the immune system. These interactions underscore the significance of EVs in the progression and maintenance of cancer.

From a diagnostic standpoint, EVs are increasingly recognized for their potential in identifying tumor molecular signatures, particularly due to their ability to traverse an intact BBB (129). Manda et al. reported that variant EGFR RNA transcripts were detected with similar frequency in GB tissue (39.5%) and their matched serum exosomes (44.7%). The presence of circulating exosomal EGFRvIII variants correlated with poor outcomes (130). Studies on miRNA contents of EVs revealed that the exosomal levels and types of miRNA within the EVs were associated with the aggressive potentials of the GB (131). For example, an in vitro functional study using glioma cell lines has indicated that miR-221 silencing can reduce cell proliferation, migratory potential, and resistance to temozolomide (132). In addition, exosomal levels of miR-221 were increased in parallel with glioma grades. Another study reported that syndecan-1 plasma EVs could distinguish between low-grade and high-grade gliomas with a sensitivity and specificity greater than 70% (133).

However, challenges remain. We still lack an understanding of the mechanisms that drive the RNA incorporation into EVs of various sizes and types in different RNA concentrations. The technical challenges of isolating purified tumor-specific EVs of different sizes in high-yield continue to complicate the interpretation and utility of these biomarkers in clinical settings.

Liquid biopsy offers significant potential in enhancing the management of GB by providing a non-invasive method to monitor treatment response in real-time, tracking changes in tumor-derived biomarkers. By identifying specific genetic mutations and alterations, liquid biopsies can guide targeted therapies, facilitating more personalized and effective treatment strategies. However, the clinical implementation of liquid biopsy in GB is still in its early stages. There is a need for standardized methodologies across laboratories to ensure consistent and reliable results. Larger prospective studies are required to validate the clinical utility of liquid biopsy biomarkers in GB.





6 Strategies to improve drug delivery to GB

Effective drug delivery to the CNS is significantly hindered by the BBB, posing a substantial challenge in GB treatment. The BBB is a multi-layered cellular physical barrier composed of endothelial cells, astrocytes, and pericytes, which effectively prevent the diffusion of small molecules. It facilitates the exchange of essential nutrients and metabolites through a selective transport system. Even if small molecules manage to penetrate the BBB, they are often actively transported back out via efflux pumps (134). Overcoming this barrier to enhance bioavailability is a critical area of ongoing research.



6.1 Focused ultra-sound

FUS has been investigated as a method to transiently and non-invasively increase the permeability of the BBB, thereby enhancing the delivery of therapeutic agents to GB tissue. This technique involves the use of pulsed ultrasound waves in conjunction with microbubbles, which oscillate and cause transient disruption of the BBB. Preclinical studies have demonstrated that FUS can improve the concentration of chemotherapeutic agents such as TMZ in brain tissue, leading to prolonged survival in animal models (135, 136). Adding MRI to FUS (MR-guided FUS) further improves the precision of the drug delivery, thus minimizing damage to healthy tissue. Clinical trials have begun to explore the safety and efficacy of FUS in humans, with early results indicating that FUS can be safely performed and may improve drug delivery and patient survival (137, 138).

Animal studies have shown that FUS can improve the penetration of immunotherapy into brain tumors, the immune response against the cancer cells, and survival outcomes (139, 140). The clinical use of immunotherapy in GB treatment is currently not validated with debatable early study outcomes.

FUS is actively investigated for its use in direct tumor ablation by delivering high-energy ultrasound waves. Initial clinical studies using MR-guided FUS demonstrated precise ablation of brain tumors after craniotomy (141). However, significant attenuation of ultrasound waves by the skull, significant damage to healthy brain tissue, and lack of clinical validity currently limit its use.




6.2 Implantable drug-delivery systems

The development of new extended-release drug-delivery vehicles led to several promising strategies for improving patient outcomes after tumor resection.

The pioneering work of Langer’s group in the 1980s led to the development of localized controlled-release therapies for GB, culminating in the FDA approval of the first implantable intra-cavity wafer, Gliadel, in 1996 (142). Gliadel, a polyanhydride-based wafer containing carmustine (BCNU), is designed for optimal drug release, achieving substantial polymer degradation within three weeks of implantation. Clinical trials demonstrated survival benefits for patients receiving Gliadel compared to placebo (13.8 months vs 11.6 months; p=0.018) (25). On the other hand, implantation is associated with several negative side effects, including seizures, vasogenic edema, meningitis, and impaired wound healing (143). It can also dislodge and cause micro-tears (144). Also, its content (BCNU) has a low diffusion rate (145). Therefore, it is no longer commonly used in clinical practice.

Following Gliadel’s approval, there has been a surge in the development of locally administered chemotherapeutic devices. Sheleg et al. explored a biodegradable polymer device loaded with cisplatin (146). Twenty 1.5 x 1.5cm polymer plates loaded with cisplatin with a drug density of 1mg/cm2 were implanted in the surgical bed after subtotal removal of GB. This strategy resulted in extended OS when administered with radiation therapy compared to radiation alone (427.5 vs 211.0 days; p = 0.00001) (146). Similarly, Di Mascolo et al. developed microfabricated PLGA meshes loaded with diclofenac and docetaxel, which effectively prevented tumor recurrence and significantly extended survival in orthotopic brain tumor mouse models, emphasizing the advantage of the meshes’ flexibility over solid films (147).

Technological advancement led to different designs of implantable drug-delivery systems, including hydrogel and microparticles. Hydrogel is a hydrophilic polymer network with high water contents that can be loaded with water-soluble biomacromolecules such as small molecules and NPs. For example, OncoGel, a type of thermoresponsive PLGA-PEG matrix hydrogel loaded with paclitaxel, transitions to a semisolid state at the body temperature once applied to the tumor bed and maintains drug release over six weeks (148). PLGA microparticles have been studied extensively, offering controlled release of anticancer drugs like 5-fluorouracil (149), which has shown to work synergistically with radiotherapy in enhancing survival in animal models (150).

There are no implantable targeted drug-delivery systems, likely due to cost considerations. However, as this technology advances and shows more promising data, it can potentially be applied to targeted therapeutics.

In the context of targeted therapy, only EGFR-targeting nanoparticles have been investigated in human studies. The first was a phase 1/2 trial involving fourteen patients with rGB. In this study, doxorubicin-loaded nanoparticles targeting EGFR were used to deliver the chemotherapeutic agent into GB tumor cells (155). While the maximum tolerated dose (MTD) was determined, the trial was prematurely terminated by the sponsor, leaving efficacy data unavailable. Similarly, a phase 1 study utilizing anti-EGFR doxorubicin-loaded immunoliposomes was conducted in nine rGB patients with EGFR amplification (155). This study confirmed the successful delivery of nanoliposomes to GB tissue; however, the small sample size and absence of a control group limited the assessment of therapeutic efficacy.




6.3 Nanoparticles

NPs can be engineered specifically to cross the BBB and target tumor cells directly, minimizing side effects. NPs, with their tunable physicochemical properties, can be loaded with various therapeutic agents to deliver the intended targets. The NPs can be tailored to have specific intrinsic (electronic, optical, and magnetic) and extrinsic (size, surface-to-volume ratio, or surface energy) characteristics to increase delivery efficiency, decrease off-target effects, and improve drug kinetics. These NPs act as “Trojan horses,” facilitating the delivery of drugs like doxorubicin and paclitaxel and biological molecules such as antibodies, DNA, and peptides directly to GB cells.

The surface of NPs can be modified with specific ligands that recognize and bind to receptors on endothelial cells lining the brain, facilitating their entry into the brain through mechanisms like receptor-mediated transcytosis. For example, the transferrin receptor (TfR) and low-density lipoprotein receptor (LRP1) are common targets on brain endothelial cells that NPs exploit to achieve transcytosis (151, 152). These receptors allow NPs to bypass the typical barriers posed by the BBB, improving the delivery efficiency of chemotherapeutics into the brain. Since the brain uptakes glucose via like the glucose transporter-1 (GLUT1), Anraku et al. utilized glycosylated micelles to transport bioactive substances via the GLUT1 transporter. The precisely calculated glucose density on the surface of the NP allowed the regulation of its distribution within the brain, thus successfully increasing the number of nanocarriers within the brain (153). Further, PEGylation of these NPs further prolongs their circulation time in the bloodstream, reducing protein interactions and enhancing their therapeutic efficacy (154).

In the context of targeted therapy, only EGFR-targeting nanoparticles have been investigated in human studies. The first was a phase 1/2 trial involving fourteen patients with rGB. In this study, doxorubicin-loaded nanoparticles targeting EGFR were used to deliver the chemotherapeutic agent into GB tumor cells (155). While the maximum tolerated dose (MTD) was determined, the trial was prematurely terminated by the sponsor, leaving efficacy data unavailable. Similarly, a phase 1 study utilizing anti-EGFR doxorubicin-loaded immunoliposomes was conducted in nine rGB patients with EGFR amplification (156). This study confirmed the successful delivery of nanoliposomes to GB tissue; however, the small sample size and absence of a control group limited the assessment of therapeutic efficacy.





7 Conclusions/future directions

Treatment of GB remains a formidable challenge with limited treatment options, particularly in recurrent settings. Many past attempts to employ targeted therapy, including clinical trials selecting patients whose tumors possess the actionable mutation of interest, have not resulted in substantial clinical benefits. This is largely due to the unique biological and clinical characteristics of GB, including dynamic evaluation of the tumor, its highly heterogeneous tumor microenvironment, and poor drug penetration through BBB, as illustrated in Figure 3. These obstacles underscore the need for innovative approaches to improve the understanding and monitoring of tumor biology.




Figure 3 | Treatment resistance mechanisms of GB. The tumor cells continuously evolve and diversify the tumor’s genetic profile. Targeted treatment strategies face additional challenges due to poor drug penetration across the BBB. The unique biochemical environment of GB TME, characterized by low pH, hypoxia, and elevated glutathione levels, promotes the proliferation of glioma stem cells and reduces ROS, thereby diminishing the efficacy of anti-neoplastic therapies.



Emerging diagnostic tools such as liquid biopsy offer promising, non-invasive methods to monitor GB. Liquid biopsies using ctDNA provide real-time snapshots of the tumor’s genetic landscape, allowing for adaptive treatment strategies that respond to the tumor’s evolving nature. Although ctDNA detection in blood is limited by the BBB, advances in NGS have improved sensitivity. The regulatory role of miRNA sets them apart as particularly promising biomarkers in liquid biopsy. Further validation of the role of plasma miRNA in GB may result in the identification of GB-specific miRNAs that can be used in lieu of surgery for some patients. EVs can traverse an intact BBB and are valuable in identifying tumor molecular signatures and monitoring treatment response with increased sensitivity. There are other uses of plasma from GB patients. A recent study identified unique metabolomic signatures in the plasma of GB patients at diagnosis and recurrence (157). We believe that serial plasma collection from GB patients during their treatment, along with multi-platform profiling at clinically relevant endpoints (e.g., pre-surgery, post-surgery, recurrence, tissue-proven radionecrosis), can further revolutionize this field and be an extremely valuable diagnostic tool for GB patients.

Recent innovative strategies have shown potential in overcoming GB treatment challenges and enhancing therapeutic agents’ delivery and efficacy. NPs can be engineered to cross the BBB and deliver drugs directly to the tumor site, leveraging mechanisms like receptor-mediated transcytosis. Additionally, MRgFUS can transiently disrupt the BBB, allowing therapeutic agents to penetrate the brain more effectively. Combining this with implantable drug delivery systems, which provide sustained and localized release of therapeutic agents directly to the tumor bed following surgical resection, shows promise. Innovations such as hydrogel-based delivery systems and biodegradable polymer devices have demonstrated efficacy in preclinical models, offering prolonged drug release and improved survival outcomes. These technologies collectively enhance drug delivery efficiency, reduce off-target effects, and improve therapeutic efficacy.

In summary, while the treatment of GB has faced significant difficulties, new strategies such as NPs, FUS, implantable drug delivery systems, liquid biopsy, and adaptive trial platforms offer promising solutions. Continued research and clinical trials are essential to fully realize the potential of these innovative therapies, ultimately improving the prognosis for patients with this aggressive and devastating disease.
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Giant cell tumor of bone (GCTB) is a rare bone tumor often necessitating surgical intervention, radiation therapy, or treatment with bisphosphonates or denosumab. 99mTc-MDP bone scintigraphy for GCTB has limited specificity, and the relatively high uptake of 18F-FDG in GCTB makes it challenging to differentiate it from other benign bone tumors. More specific detection and treatment modalities for GCTB are needed to enhance patient monitoring and outcomes. Prostate Specific Membrane Antigen (PSMA) is present in the neovasculature of various tumors, yet unexplored in GCTB. PSMA-targeted imaging and radiotherapeutic agents Locametz and Pluvicto are a powerful theranostic pair for detecting and treating PSMA-positive metastatic tumors, including those in bone, and thus have considerable potential to be repurposed for GCTB. This study aimed to determine if the vasculature of GCTB was PSMA-positive and whether targeting it with PSMA-specific agents was feasible. Using bone core samples from 28 GCTB patients and 9 negative controls, we present the first robust detection of PSMA on the tumor vasculature of GCTB. To demonstrate the potential repurposed use of PSMA-targeted agents in detecting and treating GCTB, we used a PSMA-specific fluorescent probe (FAM-C6-1298) as a model for these radiopharmaceutical agents. Incubation of fresh GCTB tissue samples with FAM-C6-1298 showed increased fluorescence intensity compared to controls, indicating successful targeting of PSMA in GCTB tissue. In conclusion, our data established that PSMA is not only present in the tumor vasculature of GCTB patient tissue but can be effectively targeted with repurposed PSMA-specific radiopharmaceuticals for diagnosis and therapy.
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Introduction

Giant cell tumor of bone (GCTB) is primary osteolytic neoplasm that accounts for approximately 5-6% of all primary bone tumors and about 20% of benign bone tumors (1). GCTB progression is driven, in part, by the overactivity of the receptor activator of nuclear factor-kappa β ligand (RANKL) (2) and typically affects the (3) decade of life (median age 20-40 years) (1, 4). The World Health Organization’s classification of soft tissue and bone tumors categorized GCTB as an intermediate malignant tumor with locally aggressive behavior and a high recurrence rate (5). GCTB has been observed to metastasize to the lungs in up to 6% of cases and can also undergo a malignant transformation in 2.4% of cases (6). The clinical presentation of GCTB includes local swelling, pain, and limitations in joint movement (7, 8). While 99mTc-methyl diphosphonate (99mTc-MDP) bone scintigraphy is routinely used for evaluating GCTB skeletal involvement, its utility is limited by reduced specificity (9). Additionally, 18F-fluorodeoxyglucose (FDG) uptake in GCTB, as measured by positron emission tomography/computed tomography (PET/CT), is comparatively higher than in other benign bone tumors due to the increased metabolic activity of osteoclasts (10, 11) making it difficult to differentiate between benign and malignant bone tumors. Unfortunately, a bone biopsy for histological examination is necessary for a final diagnosis of GCTB.

Due to the absence of randomized clinical trials (<50), treatment methods for GCTB have not significantly changed in the past three decades (12). The preferential treatment is curettage and high-speed drilling with local adjuvants and filling with polymethylmethacrylate (PMMA), bone allografts, and hydroxyapatite, often resulting in recurrence rates of 45% (1, 13–17). Where joint salvage is impossible, resection and reconstruction are favored. While joint replacements result in lower GCTB recurrence, they have higher complication rates and less favorable functional outcomes (18, 19). GCTBs that are inoperable, such as in the pelvis or spine, or cause severe dysfunction even after resection are treated with radiation therapy or antiresorptive drugs such as bisphosphonates and/or the human anti-RANKL antibody (denosumab). Bisphosphonates, such as zoledronic acid, function by inhibiting farnesyl pyrophosphate synthase, which is vital in promoting the attachment of the osteoclast to the bone. As a result, the osteoclast detaches from the bone surface, inhibiting bone resorption (20). Furthermore, Bisphosphonates inhibit osteoclast-like giant cell formation from immature precursors and induce apoptosis in mature osteoclasts. Though some literature supports the efficacy of bisphosphonates, the side effects are not trivial. In 15% - 30% of cases, patients experience nausea, fatigue, bone pain, hypotension, atrial fibrillation, anemia, and alopecia, to name a few. More severe cases include osteonecrosis of the jaw (3).

Denosumab is a human monoclonal antibody that binds the cytokine RANKL, an essential factor initiating bone turnover. RANKL inhibits monocyte activation and osteoclastogenesis, thus reducing bone resorption (21, 22). The response rate to denosumab, defined as more than a 90% depletion of multinucleated giant cells on histopathologic examination, is approximately 72% (23, 24). However, caution is employed since upwards of 40% of recurrent GCTB that transform into malignant sarcomas are found in patients who received denosumab administration before curettage for their initial benign lesion (25, 26). Additionally, denosumab cessation carries a risk of relapse, thus requiring long‐term treatment resulting in serious adverse effects (25, 27–29). Therefore, despite efforts, there is a lack of specific detection and treatment methods to improve patient monitoring and reduce bone-related events for GCTB patients. However, if a clinically relevant biomarker for other indications could be identified in GCTB cells, it could support the feasibility of repurposing relevant drugs targeted to such a biomarker.

Prostate-Specific Membrane Antigen (PSMA) is the hallmark enzyme-biomarker for prostate cancer as it is expressed in the epithelium of nearly all prostate cancers, and increased expression correlates with progression to castration resistance and metastatic disease (30–32). PSMA is a type II transmembrane protein with glutamate-carboxypeptidase activity and known substrates. Upon ligand binding, the cytoplasmic domain of PSMA contains an N-terminal motif that signals the internalization of PSMA via clathrin-coated pits (33, 34), resulting in the transportation of bound ligands into the cell. Clinical technologies utilize this signaling pathway to enhance tumor detection and management of prostate cancer through the delivery of radiopharmaceuticals into primary and metastatic prostate tumors, with PSMA-targeted PET ([68Ga] Ga-PSMA-11 (Locametz)) and ([177Lu] Lu-PSMA-617 (Pluvicto)) leading the way (35–45). Tumor vascularity significantly impacts tumor growth and drug responsiveness concerning tumor oxygenation and permeability of imaging agents and chemotherapeutics (46–49). In addition to its unique expression in prostate cancer, PSMA is known to be expressed on the endothelial cells of neovasculature in both prostatic and non-prostatic tumors (e.g., renal cell carcinoma, and breast, lung, gastric, colorectal, pancreatic, and bladder cancers) (44, 50–52). However, to date, there have been no reports on the expression of PSMA in the vasculature of GCTB nor any on PSMA-based detection or treatments regarding this disease. If the vasculature of GCTB was similarly characterized by PSMA expression, there would be sufficient rationale for pursuing the repurposing of clinical PSMA-targeted diagnostic and therapeutic agents such as Locametz and Pluvicto.

Drug repurposing involves identifying new therapeutic uses for existing drugs initially developed for other indications. A drug’s specific pharmacological action frequently gives rise to a spectrum of side effects, which may exhibit secondary therapeutic uses. Drug repurposing has several advantages over developing new drugs, including a lower risk of failure due to established safety profiles, reduced development time, and lower investment requirements (53–57). Repurposable drugs include generic (off-patent) medications currently available on the market, on-patent medications such as Locametz and Plavicto, including those still undergoing clinical trials, and failed drugs initially intended for a different purpose. New potential medication applications are often uncovered through pre-clinical in vitro and in vivo experiments, mathematical modeling, AI-driven network simulations, and clinical trials (58, 59). This strategic approach has primarily targeted chronic conditions such as diabetes, cancer, and rare diseases.

Our aim in this study was to determine if the vasculature of GCTB was positive for PSMA and, if so, whether it would be feasible to target it with PSMA-specific small-molecule fluorescent probe (45). In our analysis of samples obtained from patients clinically diagnosed with GCTB, we detected a significant presence of PSMA on the endothelial cells of tumor vasculature compared to the control. Furthermore, our results demonstrated the effective internalization and trafficking of a model PSMA-targeted agent into a PSMA (+) human cell line and the targeting of PSMA in GCTB patient tissue. This finding is of substantial clinical importance, especially given the recent availability of the PSMA-targeted radiopharmaceuticals Pluvicto and Locametz and their broader applicability for indications other than prostate cancer. This proof-of-concept paper supports the feasibility of initiating preclinical studies and randomized clinical trials focusing on the repurposing of commercially available PSMA-targeted diagnostic and therapeutic agents for the detection and treatment of GCTB.





Materials and methods




Cells

The immortalized human prostate cancer cell line C4-2B (ATCC, Manassas, VA) used in this study was maintained in RPMI 1640 medium (Thermo Fisher, Waltham, MA), supplemented with 10% fetal bovine serum, 100 µg/ml antibiotic-antimycotic (Thermo Fisher), and insulin-transferrin-selenium (Thermo Fisher) in a humid atmosphere containing 5% CO2 at 37°C.





Immunohistochemistry

Clinically diagnosed, deidentified, and coded GCTB patient bone core formalin-fixed paraffin-embedded (FFPE) slides were obtained commercially from TissueArray.com (catalog numbers BO801, BO601, and T261b). An in-house pathologist from TissueArray.com and/or the clinical source verified the clinical diagnosis of GCTB using H&E staining and IHC with Anti-S-100 and H3.3. Slides were deparaffinized and rehydrated. Antigen retrieval was conducted at 95°C using 10 mM sodium citrate buffer (pH 6.0, EMD Millipore Corp. Burlington, MA) in a steamer. Endogenous peroxidase activity was quenched by incubating slides for 15 mn in a peroxidase suppressor (Thermo Fisher). Slides were blocked in 10% normal goat serum in PBS for 60 mn at room temperature in a humidified chamber and then incubated with PSMA rabbit monoclonal antibody (Cell Signaling Technology, Danvers, MA) or a CD31 mouse monoclonal antibody (Cell Signaling Technology) 1% normal goat serum, and 1X PBS overnight at 4°C in a humidified chamber. Slides were washed in PBS, and VECTASTAIN Elite ABC Universal PLUS Peroxidase Kit (anti-mouse/rabbit IgG) (Vector Laboratories, Newark, CA) was used according to the manufacturer’s instructions. Slides were developed using 3,3’-diaminobenzidine. Slides were counterstained in Hematoxylin Gill’s Formula (Vector Laboratories), differentiated in a 1% acetic acid rinse, followed by a bluing solution, and then rehydrated and mounted under Cytoseal 60 (Epredia, Kalamazoo, MI). Images were acquired using a Zeiss LSM510 META based on an Axiovert 200 microscope and processed using the Zeiss Zen software v3.6. Representative H&E images for each patient can be found on the TissueArray.com website.





Immunofluorescence staining

Commercial clinically diagnosed, deidentified, and coded FFPE bone core slides (TissueArray.com, catalog #BO601, #BO801, and #T261b) were deparaffinized and rehydrated. Antigen retrieval was conducted at 95°C using 10 mM sodium citrate buffer, pH 6.0 (EMD Millipore Corp) in a steamer. Slides were blocked and permeabilized in 0.01% Triton X-100 and 10% normal goat serum (Sigma Aldrich, St. Louis, MO) for 1 h and then incubated with a PSMA rabbit monoclonal antibody (Cell Signaling Technology) and a CD31 mouse monoclonal antibody (Cell Signaling Technology), in 1% normal goat serum overnight in humidity chamber 4°C. Slides were washed in PBS and incubated with Alexa Fluor 488 goat anti-mouse (Thermo Fisher Scientific) and Alexa Fluor 546 goat anti-rabbit (Thermo Fisher Scientific) for 1 h. Slides were washed in PBS, and autofluorescence was quenched with Vector TrueVIEW (Vector Laboratories). Slides were washed in PBS and mounted in VECTASHIELD Hardset Antifade Mounting Medium with DAPI (Vector Laboratories.). Images were acquired using a Zeiss LSM510 META based on an Axiovert 200 microscope and processed using the Zeiss Zen software v3.6.





FAM-C6-1298 synthesis

The synthetic methods for preparing FAM-C6-1298 are detailed in the Supplementary Information. DBCO-C6-1298 was available from a prior study (60) and 5-FAM-azide was purchased from Lumiprobe Corporation. All other reagents and general solvents were of commercial quality (Fisher Scientific, Sommerville, NJ) or (Sigma-Aldrich, St. Louis, MO) and were used without further purification. Anhydrous solvents used in reactions were obtained from commercial sources or freshly distilled over calcium hydride. 1H, 13C, and 31P NMR spectra were recorded on a Varian 400, Brucker Avance Neo 500, or Varian 600 MHz spectrometer. 1H NMR chemical shifts are relative to CDCl3 (δ = 7.26 ppm), CD3OD (δ = 3.31 ppm) or D2O (δ = 4.79 ppm). 13C NMR chemical shifts were relative to CDCl3 (δ = 77.23 ppm) or CD3OD (δ = 49.15 ppm). 31P chemical shifts were relative to triphenylphosphine oxide (TPPO, δ = 27.00 ppm). High-resolution mass spectrometry (HRMS) spectra were obtained on an Applied Biosystems 4800 MALDI-TOF/TOF mass spectrometer (Applied Biosystems, Foster City, CA).





Fluorescent cell imaging

Cells were plated onto coverslips at a density of 1 × 105 cells/well in growth medium and allowed to attach for 48 h. Cells were then incubated for 30 min with either 100μM DBCO-C6-1298 or a control growth medium, followed by 30 min with 10μM FAM-C6-1298 at 37°C. For imaging, coverslips were set on ice, rinsed three times in ice-cold phosphate-buffered saline (PBS), fixed in ice-cold 10% neutral buffered formalin solution for 15 min, rinsed again with PBS, and mounted in VECTASHIELD Hardset Antifade Mounting Medium with DAPI (Vector Laboratories).





Fluorescent co-localization cell imaging

Cells were plated onto coverslips at a concentration of 1 × 105 cells/well in 1 mL of growth medium and allowed to attach overnight. Cells were starved for 2 h in fetal bovine serum (FBS)-free RPMI and then incubated for 60 min with 1μM FAM-C6-1298. Coverslips were set on ice, rinsed twice in ice-cold phosphate-buffered saline (PBS), and fixed in ice-cold 10% neutral buffered formalin solution for 15 min. Coverslips were blocked and permeabilized in 0.01% Triton X-100 and10% normal goat serum (Sigma) for 1 h and then incubated with PSMA antibody (D718E, Cell Signaling Technology) in 1% normal goat serum overnight in a humidity chamber 4°C. Coverslips were washed in PBS and incubated with Alexa Fluor 546 goat anti-rabbit (Thermo Fisher Scientific) for 1 h. Slides were washed in PBS and mounted in VECTASHIELD Hardset Antifade Mounting Medium with DAPI (Vector Laboratories).





Ex vivo whole-tissue fluorescence measurements

Frozen tissue blocks from clinically diagnosed GCTB deidentified and coded patients were purchased commercially from OriGene (OriGene, catalog number CB499383, CB649405), divided into two sections, and washed in DPBS at 37°C for 10 mn and then HEPES at 37°C for 10 mn. Tissue blocks were then incubated with either 10μM FAM-C6-1298 in HEPES for 60 min or with 100μM DBCO-C6-1298 in HEPES for 60 min, followed by a 60 min incubation with 10μM FAM-C6-1298 in HEPES at 37°C. The tissue was washed three times in DPBS, placed in 60mm plates, and analyzed for fluorescence using the IVIS Spectrum 2 Imaging System (Revvity). The fluorophore of FAM-C6-1298 was excited at 495 nm and detected at 517 nm. Data was collected as radiant efficiency (photons/sec/cm2/steradian/μW/cm2) using Living Image software v4.8.2. To mitigate the effects of arbitrary autofluorescence, the software computes the background-corrected intensity signal using the following formula:

	





Reagents

All reagents used in this project can be found in the Supplementary Materials.





Ethical statement

All patient samples used in this study were purchased commercially from TissureArray.com (Derwood, MD) and OriGene (Rockville, MD). The following links provide information on the HIPPA-compliant tissue collection procedures and ethical standards followed by these companies:

https://www.tissuearray.com/FAQs#q10

https://www.origene.com/products/tissues/tissue-qc





Statistical analysis

Differences between means were analyzed using either the two-tailed Student’s t-test or analysis of variance (ANOVA), where appropriate, and significance was set at p ¾ 0.05. NIH/FIJI was used to analyze IF co-localization staining. The Zeiss Zen software v3.6 co-localization function determined the Pearson correlation coefficient (ρ).






Results

In this study, we aimed to determine if the vasculature of GCTB was positive for PSMA and, if so, whether it would be feasible to target it with a PSMA-specific small-molecule fluorescent probe (45). Deidentified and coded GCTB patient samples were obtained commercially from TissueArray.com. The in-house pathologist from the company and/or the clinical source verified the clinical diagnosis of GCTB using hematoxylin and eosin staining (Figures 1A, B) and IHC with Anti-S-100 and/or H3.3 (not provided). Multinucleated giant cells can be identified within the tumor tissue by hematoxylin and eosin counterstaining, which is a key characteristic of GCTB (61). For our analysis, GCTB patients were chosen to represent a wide range of ages to assess the broad applicability of PSMA agents for GCTB and prevent sampling bias. Therefore, in our immunohistochemical examination of FFPE bone core samples from 28 patients (12 female, 16 males, ages 17y-75y) clinically diagnosed with GCTB and 9 negative control FFPE patient bone core samples from cancer adjacent normal bone (NAT) of rib (five female, four male, ages 50y-68y) (Table 1), we present the first robust detection of PSMA on the tumor vasculature of GCTB compared to NAT control (Figures 1C, D). Additionally, to validate that PSMA was restricted to the endothelial cells of the GCTB vasculature, we co-incubated the FFPE bone core samples with the vascular endothelial cell marker CD31 and PSMA. Using a previously published Pearson correlation coefficient (ρ) scale where a correlation of <0.20 is very weak, a correlation between 0.20-0.39 is weak, correlations between 0.40-0.59 are moderate, correlations between 0.60-0.79 are strong, and correlations >0.80 as very strong (62), we found that 71.4% of GCTB samples exhibited a strong to moderate positive fluorescent co-localization (ρ = 0.5 to 0.7) of CD31 and PSMA compared to control NAT samples (Figures 1E, G, H), thus confirming that PSMA was restricted to the endothelial cells of the GCTB vasculature. The linear relationship between PSMA and CD31 fluorescent co-localization was verified through a scatterplot (Figure 1F). Due to section variability and random vasculature location within the tumor, the Pearson correlation analysis was measured within a specified boxed area on the image. However, the Pearson correlation coefficient cut-offs are set arbitrarily to refer to linear associations, which do not always exist (62). Therefore, to validate our data further and obtain a more accurate measurement of co-localization throughout the entire section, we used FIJI/Image J to calculate the area of PSMA co-2localization as a percentage of the area of CD31 staining using 10% as our cutoff for PSMA positive staining (Table 1; Supplementary Table 1). We found tissue sections with positive PSMA staining in the vasculature, and their corresponding ρ-values aligned with percentages greater than 10%. Two patient samples displayed disagreement between the Pearson coefficient and percent area, highlighting the influence that section variability and vasculature location within the GCTB have on these measurements. Taken together, analysis (visual assessment, Pearson correlation coefficient, and percentage) confirms that PSMA-positive staining is restricted to the vasculature of GCTB. The immunofluorescence and immunohistochemistry images, as well as the co-localization information for all 28 patients and negative controls, can be found in Supplementary Figures 1–3. When patient samples were stratified by biological sex, 87.5% of males were positive for PSMA tumor vasculature staining, compared to 50.0% of female samples (Table 1). While intriguing, additional validation is required to formulate any definitive conclusions.




Figure 1 | PSMA is detected on the vasculature of GCTB. (A, B) Representative hematoxylin and eosin staining of an FFPE bone biopsy core from a 20-year-old male with clinically diagnosed GCTB. Arrows point to multinucleated giant cells that are a hallmark of GCTB (black arrows). (C, D) IHC of an FFPE bone biopsy from a 20-year-old male with GCTB is positive for PSMA, as visualized by the brown precipitate and black arrows. Multinucleated giant cells counterstained with hematoxylin can be identified within the section (circled in red). (E) IF staining of PSMA (red), CD31 (green), and the nucleus (blue, DAPI). White arrows indicate examples of Co-localization. (F) Pearson correlation coefficient (r) as measured by Zeiss Zen software. The intensity of a given pixel in the CD31 image is used as the y-coordinate of the scatter plot, and the intensity of the corresponding pixel in the PSMA is the x-coordinate. (G) Cancer adjacent normal bone and bone marrow tissue (NAT) of rib containing a layer of adipocytes adjacent to bony trabeculae and red blood cells were used as negative controls and is void of PSMA staining. (H) IF staining of NAT negative control for PSMA (red) and CD31 (green), nuccleus (blue, DAPI) (20x, scale bar = 50μM). N=28 GCTB patient bone core samples, N=9 NAT controls. The immunofluorescence and immunohistochemistry images, as well as the co-localization information for all 28 patients and negative controls, can be found in Supplementary Figures 1–3. All tissue in this figure was purchased from MicroArray.Com, and further information about the tissue can be found in Materials and Methods. Hematoxylin and eosin images are from TissueArray.Com.




Table 1 | Patient biopsy information and GCTB PSMA vasculature staining status.



To illustrate the potential use of PSMA-targeted therapeutics in detecting and treating GCTB, we utilized a PSMA-specific small-molecule fluorescent probe, FAM-C6-1298, as a model. The structure of FAM-C6-1298 is derived from CTT1298 (developed by our lab), which binds irreversibly to enzymatically active PSMA and rapidly internalizes into PSMA (+) cells (36, 63). When derivatized, CTT1298 and its congeners possess nanomolar affinity and can deliver a diverse array of payloads (MMAE, SN38, doxorubicin, therapeutic radionuclides, therapeutic enzymes) into the cell (42, 64–74). The specificity and affinity of FAM-C6-1298 are analogous to that of the radiopharmaceuticals Locametz and Pluvictor. Here, we used FAM-C6-1298 as a model PSMA-targeting agent due to its ease in microscopic visualization (Supplementary Figure 4). After binding to extracellular PSMA, CTT1298-based conjugates rapidly traffic to endosomes/lysosomes through the internalization of the PSMA-conjugate complex (42, 45, 69–71, 75). We have previously confirmed that CTT1298 derivatives are internalized 99% in PSMA (+) cells within 4 h (38, 39).

To specifically establish that FAM-C6-1298 was suitable for addressing our experimental question, we confirmed that FAM-C6-1298 could bind to the cell surface PSMA of a PSMA-positive cell line and that the PSMA-bound FAM-C6-1298 could be internalized into the cell through the endosome-lysosome pathway. Using our previously described PSMA CRISPR knockout human prostate cancer C42B cell line (45), we treated C42B-CRISPR-PSMAscramble and C42B-CRISPR-PSMAknockout with 10μM FAM-C6-1298 for 30 min. Fluorescence microscopy indicated that FAM-C6-1298 bound to cell surface PSMA of the C42B-CRISPR-PSMAScramble cells and not C42B-CRISPR-PSMAknockout (Figures 2A, B). Positive co-localization of FAM-C6-1298 and a PSMA antibody (52.16%) (Figure 2C) was comparable (64.55%) to our previously published PSMA-targeted probe 5FAM-X-FPO-42, which served as the positive control (Figure 2D) (45), further supporting the specificity of current PSMA-targeted imaging probe FAM-C6-1298. Additionally, fluorescence microscopy of C42B-Crispr-PSMAScramble cells indicated that the PSMA-FAM-C6-1298 complex co-localized with 10.49% of the early endosomal marker, EEA1, and the 55.04% with the lysosomal marker LAMP-1, providing evidence that the PSMA-FAM-C6-1298 complex was internalized into the cell (Figures 2E, F). The results of the percent co-localization measurements can be found in Supplementary Table 2.




Figure 2 | FAM-C6-1298 can bind to the cell surface PSMA of C42B cells and be internalized. (A, B) C42B-CRISPR-PSMAscramble and C42B-CRISPR-PSMAknockout cells incubated with 10mM FAM-C6-1298 for 30 mn. (C) Co-localization of FAM-C6-1298 (green) and PSMA (red) in C42B cells. (D) IF staining of positive control PSMA (red) and 5FAM-X-FPO-42 (green). White arrows point to areas of co-localization. (E) Co-localization of FAM-C6-1298 (green) and EEA1 (red) in C42B cells (F) Co-localization of FAM-C6-1298 (green) and LAMP-1 (red) in C42B cells. (G) C42B cells were incubated with 100μM DBCO-C6-1298 PSMA blocking peptide for 30 mn and then 10μM FAM-C6-1298 for 30 mn. 63x oil, scale bar = 20μM. The cell nucleus is stained with DAPI in all images. All experiments were repeated for at least three independent experiments.



To confirm that FAM-C6-1298 bound solely to cell surface PSMA, we first treated both C42B-CRISPR-PSMAscramble and C42B-CRISPR-PSMAknockout with 100μM of a previously published non-fluorescent PSMA-blocking ligand (DBCO-C6-1298) (76). This peptide binds exclusively to and blocks the enzymatic domain of extracellular, membrane-bound PSMA. After a 30-minute incubation with the blocking peptide, we further incubated the cells with 10μM FAM-C6-1298 for an additional 30 min. As predicted, no binding of FAM-C6-1298 was detected by fluorescent microscopy (Figure 2G). Therefore, the PSMA-targeted small-molecule fluorescent analog of Pluvicto and Locametz, FAM-C6-1298, demonstrated specific binding to PSMA, and the PSMA-FAM-C6-1298 complex was internalized and trafficked through the endosomal-lysosomal pathway, indicating its suitability as a therapeutic model for addressing our experimental question.

For proof of the in vitro applicability of a PSMA-targeted therapeutic in detecting and targeting GCTB, we commercially obtained fresh frozen tissue samples from patients clinically diagnosed with GCTB from OriGene (patient information in Supplementary Figure 5) and incubated them with either 10μM of our model PSMA-specific small-molecule fluorescent probe (FAM-C6-1298) alone or with 100μM of the PSMA-blocking ligand DBCO-C6-1298, followed by incubation with 10μM FAM-C6-1298. Tissue samples incubated with the combination of the PSMA-blocking peptide and FAM-C6-1298 displayed drastically decreased radiant efficiency (9.25x109 photons/sec/cm2/str/μW/cm2) (Figure 3B), as measured by IVIS compared to those treated with the FAM-C6-1298 alone (1.66x1010 photons/sec/cm2/str/μW/cm2) (Figure 3A). Data for additional samples can be found in Supplementary Figure 6. Taken together, our data indicate successful targeting specificity and uptake of the model PSMA-targeted agent in GCTB tissue.




Figure 3 | FAM-C6-1298 can successfully target PSMA in GCTB tissue. Ex vivo whole-tissue fluorescence measurements of fresh tissue from the tibia of a 23-year-old female with GCTB (OriGene, catalog number CB499383) incubated with (A) 10μM PSMA-targeted fluorescent probe, FAM-C6-1298. (B) 100μM PSMA blocking peptide DBCO-C6-1298, followed by incubation with 10μM FAM-C6-1298. Data was collected by IVIS as radiant efficiency (photons/sec/cm2/steradian/μW/cm2) using Living Image software v4.8.2 and presented as a background-corrected intensity signal in the chart. N=2. Information for sample 2 is in Supplementary Figure 6. All tissue in this figure was purchased from OriGene, and further information about the tissue can be found in Materials and Methods.







Discussion

Drug discovery and development are critical processes in improving human health. The conventional drug development process typically involves several stages, including target identification, compound screening, preclinical studies, clinical trials, and regulatory approval. Unfortunately, this process is often slow, costly, and has high failure rates due to safety or efficacy issues. The average investment for developing a new drug is more than $2.5 billion, and it takes 10-15 years (53, 54) for a new product to be developed, with less than 10% of Phase I candidates receiving FDA approval (55, 56). An alternative strategy known as “drug repurposing” has gained traction to address these challenges and accelerate the discovery of new treatments. Because a drug already has an established safety profile, drug repurposing often skips Phase 1, advancing to Phases 2 and 3 with fewer pharmacokinetic uncertainties, thus significantly reducing the time and costs associated with the drug development process (56, 57). This ultimately results in improved patient outcomes.

Interestingly, in June 2010, denosumab - a treatment for GCTB - was initially approved by the FDA for non-cancer use in postmenopausal women with the risk of osteoporosis under the name Prolia (77), and repurposed in November 2010 as Xgeva for the prevention of skeleton-related events in patients with bone metastases from solid tumors, including prostate cancer (78, 79). In the summer of 2011, clinical trials investigated the safety and efficacy of denosumab in giant cell tumors, multiple myeloma with bone metastases, and hypercalcemia of malignancy (24, 26, 80). In June 2013, the FDA expanded the approved use of Xgeva to treat adults and some adolescents with GCTB. While denosumab’s efficacy in treating advanced and unresectable tumors is well-established, its role in managing surgically resectable disease is a topic of ongoing debate (22).

GCTB is prone to several factors that can impede successful treatment. Research has indicated that delayed diagnosis and treatment of GCTB are associated with increased tumor size, heightened recurrence rates, and elevated incidences of local complications. Moreover, patients experiencing delayed diagnosis or treatment are more likely to require aggressive interventions such as amputation or chemotherapy (81). In terms of location, sacral GCTB warrants special attention. Despite being one of the commonly affected bones, the treatment for sacral GCTB remains challenging, as sacrificing sacral nerve roots is associated with severe morbidity, such as the disturbance of gait and foot plantar flexion, as well as bowel and bladder dysfunction. Even after successful nerve-sparing surgery, the high recurrence rate (25-35% in most cases and up to 50% in some studies) often demands additional therapy (82, 83). Thus, there is an urgent clinical need to identify and develop novel therapeutic strategies for these patients.

PSMA-targeted radiopharmaceuticals, such as Pluvicto and Locametz, represent a potentially powerful theranostic combination for the detection and selective treatment of PSMA-positive GCTB vasculature. By leveraging the high expression of PSMA in the surrounding tumor vasculature, it is expected that these agents can precisely pinpoint and deliver therapeutic payloads to PSMA-expressing tumor vascular endothelial cells. Therefore, PSMA-targeted treatment in combination with traditional or surgical intervention (where possible) could be highly effective compared to a single therapeutic approach.

Through the use of a PSMA-targeted small-molecule fluorescent analog of Pluvicto and Locametz, we showed that PSMA-targeted agents offer a potential alternative to the detection and treatment of tumor vasculature in GCTB. One limitation of this study is the small sample size of 28 GCTB patients. Consequently, it is imperative to conduct further studies with sufficiently large sample sizes to ensure the replicability and generalizability of our findings. However, we still believe that this finding is timely and of substantial clinical importance, especially given the recent availability of Pluvicto and Locametz and their broader applicability for indications other than prostate cancer. While others are currently working on the identification of biomarkers as potential predictive indicators or druggable targets to improve management of GCTB (84), to date, there have been no reports on the expression of PSMA in the vasculature of GCTB or in any other primary bone cancer, such as osteosarcoma, Ewing sarcoma, chondrosarcoma, or chordoma. Indeed, Heitkötter et al. used immunohistochemistry to show that PSMA was present in Ewing sarcoma tumors. However, they did not convincingly establish that PSMA co-localized with endothelial cells of the tumor vasculature (85). While Parihar et al. demonstrated that Ga-PSMA-HBED-CC PET/CT described high radiotracer activity in the iliac bone of a single Ewing sarcoma patient (86) and Can et al. reported high radiotracer activity of 68Ga PSMA PET/CT in the primary tumor and metastatic lesions of a 75-year-old man with osteosarcoma of the sternum (87), neither established that PSMA was present on the endothelial cells of the tumor vasculature of these primary bone tumors.

In conclusion, there is potential for repurposing the current commercially available clinical PSMA-targeted agents for the detection and treatment of GCTB, as well as other primary bone tumors, if PSMA expression is found in its vasculature. This proof-of-concept study supports the justification and feasibility for the use of Pluvicto and Locametz in preclinical studies and randomized clinical trials focusing on the repurposing of commercially available PSMA-targeted diagnostic and therapeutic agents for the detection and treatment of GCTB and beyond.
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Drug repositioning, the practice of identifying novel applications for existing drugs beyond their originally intended medical indications, stands as a transformative strategy revolutionizing pharmaceutical productivity. In contrast to conventional drug development approaches, this innovative method has proven to be exceptionally effective. This is particularly relevant for cancer therapy, where the demand for groundbreaking treatments continues to grow. This review focuses on drug repositioning for ovarian cancer treatment, showcasing a comprehensive exploration grounded in thorough in vitro experiments across diverse cancer cell lines, which are validated through preclinical in vivo models. These insights not only shed light on the efficacy of these drugs but also expand in potential synergies with other pharmaceutical agents, favoring the development of cost-effective treatments for cancer patients.
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Introduction

Drug repositioning, also known as drug repurposing, is a strategy that involves identifying new therapeutic uses for existing drugs beyond their original indications. This approach has gained the attention of the scientific community due to its potential to expedite the drug development process, reduce costs, and maximize the utility of existing pharmaceutical agents (Figure 1). Drug repositioning possesses multiple advantages, as it presents increased efficiency by shortening the drug development timeline, as existing drugs have already endured various stages of testing for safety and efficacy. It capitalizes on the existing safety, toxicity, and pharmacokinetic data of approved drugs, significantly reducing the time and financial investment compared to de novo drug discovery. This approach has been especially valuable in addressing unmet medical needs, such as rare diseases and conditions lacking effective treatments. Thus, repurposing of drugs often results in a more cost-effective process than developing entirely new compounds, as it bypasses the extensive research and development phases, as repositioned drugs usually have established safety profiles, minimizing the risks associated with introducing entirely new substances. In fact, in recent years, the introduction of new drugs to the market has seen a decline owing to the adverse outcomes witnessed in medical trials and challenges in pharmacokinetics (1). However, significant progress in computational sciences, including bioinformatics, machine learning and computational chemistry, coupled with advancements in -omics sciences and high-throughput screening technologies, has enabled the exploration of drugs with multiple target molecules. These have broadened their potential applications and pharmacological benefits (2).




Figure 1 | Schematic representation of ovarian cancer treatments. This diagram illustrates the general approach to ovarian cancer therapy. Outline the importance of drug repositioning besides surgery, immunotherapy, chemotherapy, and radiotherapy (Figure created with Biorender).



Drug repurposing has multiple applications in cancer treatment. For instance, repositioned drugs offer the opportunity to target specific pathways or mechanisms relevant to cancer, potentially introducing alternative treatment options. In addition, this strategy allows the identification of synergies between repositioned drugs and existing cancer treatments, which can lead to the development of more effective combination therapies. However, there are limitations associated with drug repurposing, such as patent protection for the original application of the drugs, which may pose challenges for repositioning efforts. Ultimately, administration of repurposed drugs in patients may also require adjustments and further investigation of the pharmacological conditions through in vitro, in vivo and clinical studies. Thus, designing appropriate clinical trials for repositioned drugs requires careful consideration of the new therapeutic context and side effects, as well as dosing regimens and possible coadjuvant treatments must also be considered when treating patients. Despite these limitations, since the safety and pharmacokinetic parameters of many drugs are well known, the increasing interest in drug repositioning is helping to determine new favorable outcomes of these drugs. Emerging approaches, such as molecular docking studies and other computer-aided methods, are helping to model novel ligand-targeting strategies and to help drug repositioning take a better landscape in cancer therapy and unlocking the potential of already existed drugs.

In addition, combination therapies that integrate repurposed drugs with existing pharmaceutical agents hold significant promise for enhancing treatment efficacy in cancer and other malignancies. These synergies can target multiple pathways simultaneously, overcoming limitations such as drug resistance and heterogeneity within tumors, as discussed in specific cases below. However, the complexity of drug-drug interactions in combination therapies poses challenges. In this regard, additional limitations of drug repurposing combined with existing therapies include variations in pharmacokinetics, off-target effects, and potential antagonistic interactions. Moreover, the tumor microenvironment, patient-specific genetic factors, and dosage optimization add further layers of complexity. Thus, in order to utilize this strategy in the clinic, it is essential to perform rigorous preclinical and clinical studies, to avoid adverse effects in patients.

This review offers a comprehensive analysis of drug repositioning in ovarian cancer (OC) therapy, synthesizing findings from in vitro and preclinical models while also acknowledging the limited data from clinical studies. Despite inherent limitations, the contributions of these models are invaluable for advancing our understanding of potential treatments. In vitro studies, particularly with cancer cell lines, continue to be essential tools in screening and identifying promising drug candidates. Although these models cannot fully mimic the complexities of human tumors, they provide controlled environments that allow for detailed investigation of drug effects on cancer cell biology, offering critical insights into drug responses, mechanisms of action, and preliminary efficacy (3–5). These findings can then be validated through more sophisticated in vivo models. Preclinical mouse models, for example, provide vital data on the pharmacokinetics, pharmacodynamics, and toxicity of repositioned drugs. These models allow for a comprehensive evaluation of drug responses within the context of tumor microenvironments, immune responses, and metabolism, even though they do not perfectly replicate human disease (6–8). Preclinical models thus serve as an important bridge between in vitro assays and clinical applications, often informing the design of clinical trials. Clinical translation remains a significant challenge, but the few studies conducted on repurposed drugs for OC in patients have demonstrated encouraging results. These trials, although limited in scale, provide critical insights into the pharmacokinetic properties, dosing regimens, and side effect profiles of repositioned drugs, underscoring the importance of further research to confirm their clinical efficacy. However, the current focus on short-term experimental models limits our understanding of the long-term therapeutic benefits and safety of these drugs. Longitudinal clinical studies are crucial to fully evaluate their sustained effectiveness and potential side effects, paving the way for the future of OC therapy.





Ovarian cancer

Epithelial ovarian cancer is the rapid growth of cells with abnormal function and structure with the potential to invade and destroy other healthy tissues (9). Among gynecological cancers, OC has a superior mortality rate because of its difficult early diagnosis resulting widely metastatic within the abdomen (10), placing OC as the 3rd most common gynecological cancer around the world in 2020 (11). Low- and middle-income countries presented the highest mortality rates of OC but its incidence was highest in high-income countries (12).

The nomenclature for OC subclassification includes five main histological types: high-grade serous (HGSOC), low-grade serous (LGSOC), endometrioid (ENOC), clear cell (CCOC), and mucinous (MOC) (13–15). HGSOC tumors are solid masses of cells characterized by slit-like fenestrations and structured with papillary, glandular or cribriform architecture (16). LGSOC tumors are distinguished by a monotonous proliferation of cuboidal, low columnar cells, mild to moderate atypia without nuclear pleomorphism, a mitotic index reaching up to 12 mitoses per 10 high-power fields (HPF) and invasion (17–19). Histopathological distinction of ENOC tumors from HGSOC is challenging, but the use of some discriminatory immunohistochemistry tools such as Wilms’ tumor 1 (WT1) lead to better tumor classification. ENOC tumors generally lack WT1 expression, whereas HGSOC tumors overwhelmingly exhibit WT1 positivity. In addition, ENOC is positive for the estrogen receptor (ER) in ≥75% of cases and for the progesterone receptor (PR) in over 60% of cases, with the majority (80%) of patients being also positive for wild-type Tumor Protein p53 (TP53) (20–23). Immunohistochemical markers, including WT1, Napsin A, hepatocyte nuclear factor-1-beta (HNF-1β), ER, and PR, are employed to distinguish CCOC from HGSOC and ENOC tumors. CCOC tumors are WT1 negative, Napsin A/HNF-1β positive, and EP/PR negative (22–24). MOC tumors are large, unilateral mucinous growths that negative for the WT1 and Napsin A markers, and approximately 60% of cases express a mutant version of p53 (23, 25).

Ovarian tumors are histopathologically heterogeneous, resulting genetic mutations specific for each epithelial OC subtype, which can be used as targets of treatment (10). For instance, near-ubiquitous mutations of p53, Breast Cancer Gene 1/2 (BRCA1/2), Neurofibromin 1 (NF1), and Cyclin-Dependent Kinase 12 (CDK12) are characteristic of HGSOC subtype (10, 26). LGSOC subtype is characterized by mutations in Kirsten Rat Sarcoma Viral Oncogene Homolog (KRAS), B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF), Neuroblastoma RAS Viral Oncogene Homolog (NRAS), and Erb-B2 Receptor Tyrosine Kinase 2 (ERBB2, also known as HER2) mutations, while Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit α (PI3KCA), Phosphatase and Tensin Homolog (PTEN), AT-Rich Interaction Domain 1A (ARID1A), and Protein Phosphatase 2 Scaffold Subunit α (PPP2R1A) mutations are present in ENOC subtypes. Moreover, mutations in PI3KCA, ARID1A, Catenin β1 (CTNNB1), PTEN, and PP2R1A are also found in the CCOC subtype. Finally, the MOC subtype is characterized by KRAS and ERBB2 mutations (10). Changes in DNA methylation patterns also contribute to the development of OC, being the hypermethylation of the BRCA promoter a common example detected in 15-30% of patients (27–30). Figure 2 shows the recorded percentage of cases where mutations on the genes outlined here, as reported by the Integrated Genomic Analyses of Ovarian Carcinoma (Figure 2A) and the Comprehensive and Integrated Genomic Characterization of Adult Soft Tissue Sarcomas (Figure 2B) from The Cancer Genome Atlas (TGCA) Human Cancer Models Initiative (HCMI) Cancer Model Development Center (Figure 2C). This information highlights the relevance of the presence of the mutations described above in the development of OC.




Figure 2 | Recorded percentage of cases with mutations in specified genes relevant to ovarian carcinoma development. (A) Data presented are from the Integrated Genomic Analyses of Ovarian Carcinoma and (B) from the Comprehensive and Integrated Genomic Characterization of Adult Soft Tissue Sarcomas, sourced from The Cancer Genome Atlas (TCGA). (C) Information on relevant genes was obtained from the Human Cancer Models Initiative (HCMI) Cancer Model Development Center.



Ovarian cancer staging is determined by the severity of the disease, considering factors such as tumor size, spread to nearby tissues, and the presence of distant metastasis (Figure 3). The International Federation of Gynecology and Obstetrics (FIGO) system is commonly used for ovarian cancer staging. Stage I is when cancer is confined to one or both ovaries, being sub-stage IA limited to one ovary, no tumor on the external surface; no ascites (fluid in the peritoneal cavity) present containing malignant cells, and substage IB when both ovaries are affected but no tumor is found on the external surfaces; no ascites containing malignant cells. Stage II is when cancerous tissue is found in one or both ovaries with pelvic extension. Substage IIA includes an extension to the uterus and/or fallopian tubes with no evident tumor on the external surfaces and neither ascites containing malignant cells. Substage IIB is when malignant tissue is extended to other pelvic tissues, but no tumor is found on the external surfaces and there are still no ascites containing malignant cells. Stage III OC involves one or both ovaries, the tumor may be spread to the peritoneum outside the pelvis and/or metastasis to the retroperitoneal lymph nodes and/or the omentum. Patients in stage III can be further classified in three substages according to the severity of metastasis. For instance, substage IIIA is determined by microscopic peritoneal metastasis beyond the pelvis; substage IIIB involves macroscopic peritoneal metastasis beyond the pelvis less than 2 cm in size; and substage IIIC includes abdominal metastasis greater than 2 cm in size and/or positive retroperitoneal lymph nodes. Finally, stage IV is diagnosed once malignant cancer cells have spread to distant organs or tissues, being predominant in the pleural fluid (substage IVA) and in the parenchyma of the liver and other distant organs (Substage IVB) (31–33).




Figure 3 | Schematic representation of ovarian cancer progression. The diagram outlines the four stages of OC, ranging from Stage I to Stage IV. Stage I signifies cancer that is confined to one or both ovaries. Stage II indicates cancer that has spread beyond the ovaries but is still within the pelvis. Stage III represents cancer that has advanced beyond the pelvis and has spread to the abdominal lining or nearby lymph nodes. Stage IV denotes cancer that has metastasized to distant organs beyond the abdominal cavity, such as the liver or lungs. Understanding the stage of OC is crucial for determining treatment options and predicting prognosis. (Figure created with Biorender).







Etiology of ovarian cancer

Ovarian cancer is a complex disease with multifactorial etiology, and its development involves a combination of genetic, hormonal, and environmental factors. Risk increases with age and genetic factors such as BRCA mutations (34, 35). Mutations in essential genes for DNA repair, such as MutL Homolog 1 (MLH1) and MutS Homolog 2 (MSH2), which are also predominant in Lynch syndrome patients, also increase the risk of ovarian cancer (36). Having descendants at an early or advanced age, nulliparity, and absence of full-term pregnancy are classic risk factors of OC (37). Long-term use of estrogen-only hormone replacement therapy, without progesterone, has also been linked to an increased risk of OC (38). Recently, an increase between 7 and 28% of OC incidence in women ranging from 15-40 years of age has been detected, likely due to the “normalization” of unhealthy lifestyles such as overweight and obesity (12). In addition, social determinants included the human development index and highest gross domestic product per capita and lifestyle characteristics such as physical inactivity, alcohol use, and prevalence of smoking (39). Some studies have suggested a potential link between the use of talcum powder in the genital area and an increased risk of OC as well (40). Pre-existing conditions such as lipid disorders, hypertension, diabetes, estrogen exposure, and metabolic syndrome are also associated with high OC incidence rates (12, 41–46). Evidence has also pointed to immune responses as potential contributors to OC, such as general dysregulation of the immune system and impaired immune surveillance (47), as well as chronic inflammation in the pelvic region (48).

OC incidence varies by race and ethnicity, with differences observed in the rates of diagnosis and outcomes, which in many instances correlate with the socioeconomic background. White females are the largest population affected, with 14.1 cases per 100,000 women. Then the next highest ethnicity incidence is in (Hispanic females, with a rate of 9.8 affected women per 100,000 individuals. This is followed by Asian/Pacific Islanders, African Americans, and American Indian/Alaska natives, whose incident rates are 9.0, 8.5, and 7.9 patients, respectively, per 100,000 women (49–51). Mortality rates are also dependent on different racial and ethnic groups. African American women often experience lower survival rates compared to non-Hispanic white women. This is largely due to limited access to healthcare and socioeconomic factors, which contribute to these important health disparities. The age at diagnosis and access to screening are also a relevant concern for appropriate treatment and survival, as the age at which OC is diagnosed may also vary by race and ethnicity. Some studies suggest that African American women may be diagnosed at a younger age compared to non-Hispanic white women (52–54).





Prognosis of ovarian cancer

Different histological subtypes of OC may have distinct prognoses. For example, HGSOC, the most common subtype, tends to be more aggressive. Overall, poor prognosis of OC is associated with the age and stage of disease at diagnosis (10, 55). Younger patients, particularly those diagnosed at premenopausal ages, may have a more favorable prognosis.; and the patient’s overall health and ability to tolerate treatment can also influence prognosis. In terms of disease stage, for stages I, II, III and IV, the 5-year relative survival rate after diagnosis is estimated at 89%, 70%, 36% and 17%, respectively; while the 10-year-relative survival rate was 84%, 59%, 23% and 8%, for those stages. In general, the overall relative survival rate at 2, 5 and 10 years after diagnosis was 65%, 44% and 36%, respectively (56). Thus, survival rate in women diagnosed at stage I in 5-year is 90% (55, 57). The five-year survival rate is about 80% in patients with disseminated disease to adjacent tissues. In metastatic patients the survival rate is 25% (55, 57). Unfortunately, the 5-year survival rate is less than 50% in patients diagnosed at an advanced OC stage (58–60). In 12-24 months, most patients relapse and die from progressive chemotherapy-resistant tumors (61).





Current therapies for OC treatment

The first-line treatments for OC are surgery, radiotherapy, and chemotherapy. Surgery is performed to remove the tumor tissue in its entirety. Surgery is also useful for histopathological diagnosis and staging of the tumor, according to the International FIGO (10). Surgical procedures include bilateral salpingo-oophorectomy, tumor debulking, total hysterectomy, and omentectomy (62). In addition, different trials used preoperative chemotherapy when interval debulking surgery is performed. Trials reported a reduction in postoperative morbidity (63, 64). Therefore, no difference in survival was observed when a second surgical procedure to complete tumor debulking (10).

For treatment of early-stage OC, cytotoxic chemotherapy improves survival (8%) (63, 64). Treatments with platinum (carboplatin or cisplatin) have been used as the first-line treatment (10). Cisplatin is a platinum-containing chemotherapy drug that is commonly used in the treatment of OC as it binds covalently to DNA in cancer cells, blocking replication and transcription (65, 66). Regimens with two cytotoxic agents improve survival, thus the standard treatment for OC is a combinatory therapy of paclitaxel or docetaxel with platinum-containing drugs (67–69). Rucaparib olaparib, niraparib, and talazoparib are poly(ADP-ribose) polymerase inhibitors (PARPi) that have been accepted by the FDA as chemotherapeutic drugs for OC treatment (70). However, platinum-containing drugs, paclitaxel, olaparib, niraparib, and bevacizumab, cause drug resistance in some OC patients (70).

Novel treatments for OC management employed several strategies (71) that include i) target morphomolecular OC types by using PARPi for HGSOC subtype, or the use of inhibitors of the Mitogen-activated protein kinase kinase (MEK) or aromatase inhibitors for LGSOC subtype (72, 73). ii) new clinical trial designs, such as umbrella and baskets studies (74, 75). iii) new inhibitors (ATRi) against the Ataxia telangiectasia and Rad-3 related kinase (ATR), such as prexasertib, adavosertib (76–82). iv) synergistic therapies combining drugs targeting both the tumor and its microenvironment, such as antiangiogenic compounds (e.g., bevacizumab, cediranib), immunotherapy, and chemotherapy (83–89). v) enhanced therapeutic delivery using antibody-directed conjugates or targeted radiotherapy (90–94). Among these, ATR serves as a promising target in cancer due to its role in signaling DNA lesions, replication stress, and regulating the S and G2/M checkpoints, offering potential for exploiting dysregulated DNA damage responses (95). Drugs that interfere with DNA repair, such as PARP inhibitors (Olaparib), are used particularly in patients with BRCA mutations (96).

Novel strategies to overcome drug resistance challenges against OC include the use of monoclonal antibodies. Specifically, the humanized IgG1 monoclonal antibody bevacizumab is directed against Vascular Endothelial Growth Factor (VEGF), and it is currently used for OC therapy (97). Immunotherapy is also an emerging strategy to overcome drug resistance. In this case, immune checkpoint inhibitors, such as pembrolizumab, are being investigated in clinical trials to boost the immune system to target cancer cells (98).

Treating OC presents significant challenges, including late diagnosis, chemoresistance, and the limited efficacy of available therapies. Thus, there is still a need to consider and develop alternative mechanisms to combat OC progression. In this regard, drug repositioning represents an excellent alternative therapy for patients who have developed drug resistance, which may result in failure to prevent recurrence, particularly in advanced stages. Moreover, the tumor microenvironment and genetic heterogeneity of OC further complicate treatment development. Drug repurposing offers a promising avenue to address these challenges by leveraging existing drugs with known safety profiles for new therapeutic uses. In consequence, these emerging approaches can expedite treatment availability and reduce development costs while exploring combinatorial strategies for enhanced efficacy​. Drug repurposing studies hold promise as a bridge to personalized medicine, improving outcomes for OC patients.




Drug repositioning for OC treatment

Amid the evolving landscape of OC treatment, the exploration of innovative therapeutic strategies becomes imperative. Drug repositioning, a promising approach, involves repurposing existing drugs to uncover novel and effective treatments for this disease. As indicated above, this strategy harnesses the potential of compounds already approved for other indications, accelerating the development of cost-effective and targeted therapeutic options. In this review, we provide insights into drug repositioning specifically for OC, exploring its challenges, successes, and transformative therapeutic impact. Main highlights and structure of the compounds presented here are summarized in Table 1 and Figure 4.


Table 1 | Drug repositioned for ovarian cancer treatment.






Figure 4 | Chemical structure of potential drugs to be repurposed against ovarian cancer. The diagram illustrates potential drug candidates for repurposing in the treatment of OC. Various pharmaceutical agents target different pathways; see Table 1 for a summary of mechanisms. The groups represented are (A) statins, (B) bisphosphonates, (C) antibiotics (D) antiparasitic and antifungal drugs, (E) other categories of drugs including PPARγ inhibitors, compounds used to treat hyperlipidemia, alcoholism, and mental disorders, diabetes, other types of cancer (prostate), HIV infection, Non-steroidal anti-inflammatory drugs (NSAIDs), membrane transporters and estrogen receptors. Each drug offers a unique mode of action that could potentially enhance therapeutic outcomes in OC management.



Among relevant chemical compounds being repurposed towards treatment of OC, statins are medications commonly prescribed to lower cholesterol levels in the blood. Statins inhibit an enzyme involved in the production of cholesterol in the liver. By reducing cholesterol levels, statins help lower the risk of cardiovascular events such as heart attacks and strokes. Strategies to inhibit the mevalonate pathway have also been applied to dyslipidemic diseases. Statins reduce the hydroxymethylglutaryl coenzyme A (HMG-CoA) reductase activity, which is enzymatically essential in the upstream part of the mevalonate pathway, resulting in a reduction in cholesterol levels in blood (99). Thus, considering the mechanism of action of statins related to mevalonate pathway inhibition, they are used to treat hypercholesterolemia (100). However, recent findings suggested that these molecules have antitumoral activities by causing apoptosis in tumor cells (101). For instance, atorvastatin (ATO) inhibits cell proliferation and invasion, while decreasing cell adhesion of cultured OC cells. Besides, ATO induces cellular stress, autophagy, apoptosis, and arrest cell cycle at G1 phase through Akt/mTOR pathway inhibition and MAPK pathway activation (102, 103). ATO also decreased the expression of VEGF, matrix-metalloproteinase-9 (MMP9), and the proto-oncogene cellular myelocytomatosis (c-Myc) in Hey and SKOV3 cultured OC cellular models (102). Experiments using the JQ1 selective inhibitor of bromodomain-containing proteins in Hey and SKOV3 OC cells also increased their sensitivity to the anti-proliferative activity of ATO (102). Another statin example that can be repurposed towards OC treatment is Lovastatin. This is another HMG-CoA reductase inhibitor that has been effective in reducing the proliferation of OC Hey and SKOV3 cells in vitro and in vivo murine models. Lovastatin delays tumorigenesis, proliferation, and cell cycle progression and suppresses tumor growth by influencing the cholesterol biosynthetic pathway (104, 105). Simvastatin, another HMG-CoA reductase inhibitor, reduces the production of cholesterol in the liver, thus lowering the levels of total cholesterol and low-density lipoprotein (LDL) cholesterol in the bloodstream. Simvastatin reduces the risk of cardiovascular events and has been shown to possess anti-metastatic and anti-tumorigenic effects in OC treatment. For instance, ID8, 28-2, and 30-2 cells treated with simvastatin had increased expression of apoptotic markers starting at 10 µM in 28-2 and 30-2 cells, and 50 µM for ID8 cell lines, suggesting that simvastatin induced cell death and decreased cell viability. Simvastatin was further shown to inhibit OC cell proliferation in a dose-dependent manner as measured by 3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide (MTT) assay in Hey and SKOV3 OC cells (106, 107). Other inhibitors of mevalonate pathway have been shown to promote autophagic responses. Examples of this are 6-fluoromevalonate, YM-53601, lonafarnib, and GGTI-298. These compounds can induce the expression of autophagy biomarkers such as LC3A (human microtubule-associated protein 1 light chain 3 gene LC3A and LC3B (human microtubule-associated protein 1 light chain 3 gene LC3B) and inhibit cell proliferation in a dose-dependent manner (108). Specifically, Lonafarnib inhibits the enzyme farnesyltransferase, which plays an important role in post-translational modification of proteins. Its primary function is to add a farnesyl group to specific proteins, in a process known as farnesylation.

Lonafarnib also inhibits protein prenylation in the mevalonate pathway, inhibiting cell proliferation with higher efficiency than 6-fluoromevalonate and YM-53601 (108). Besides, lonafarnib induces the expression of LC3A and LC3B genes, suggesting that the activation of autophagy impairs cell proliferation (108).

Bisphosphonates, such as alendronate, are anti-osteoporotic drugs that also inhibit the mevalonate pathway. Bisphosphonates delayed tumor formation and decreased tumor cell proliferation in a murine model of OC (108). Alendronate inhibits proliferation in OC SKOV3 and chemoresistant OVCAR5 cell lines in vitro. It induces the expression of LC3A and LC3B genes, indicating autophagy activation. In a transgenic OC mouse model (mogp-TAg), alendronate reduces total tumor mass, suggesting suppression of tumor initiation, and implies a potential chemo-preventive effect in OC development (108). In addition, alendronate reduces Rho activation by inhibiting the mevalonate pathway, resulting in the inhibition of cell migration in Caov-3, OC cells (109). Furthermore, the alendronate treatment (1mg/kg/d) reduced the tumor burden by ∼88% in female nude mice (BALB-c nu/nu) injected with Caov-3 (110). Together, in vitro and in vivo evidence strongly suggested findings that alendronate had potential as a drug for OC treatment (108–110).

Zoledronic acid is another example of a bisphosphonate drug, mainly prescribed for bone-related conditions like osteoporosis and cancer-induced bone complications. This drug inhibits bone resorption, promoting bone strengthening (111, 112). Specifically, zoledronic acid inhibits the activity of osteoclasts, the cells responsible for breaking down bone tissue, helping to maintain bone density and strength. It has also been used for the treatment of multiple myeloma and metastatic breast cancer and to treat hypercalcemia (high levels of calcium in the blood) associated with malignancy (113, 114). Zoledronic acid has been used in combination with gossypol, a natural polyphenolic compound used as a male contraceptive and with demonstrated anticancer properties in prostate cancer and leukemia. Combined, these two drugs render a synergistic cytotoxic and apoptotic effect in OC OVCAR-3 and MDAH-2774 cell lines (115). This combined treatment repressed the transcriptional expression of angiogenic molecules such as the inhibitor of differentiation or DNA binding (ID-1), EPH (Ephrin) receptors B2 and B4 (EPHB2/B4), laminin α-5 (LAMA-5), the fibroblastic growth factor (FGF2) and FGF receptor-3 (FGFR3), midkine (MDK), thymidine phosphorylase (TP), platelet-derived growth factor A (PDGF-A), and the cytokine CXCL-1, which plays a pivotal role in angiogenesis (115). Furthermore, experiments where NCI-H929, OPM-2, U266 and RPMI-8226 myeloma cell lines were pre-treated with simvastatin and then combined with antimyeloma drugs resulted in the apoptotic cascade (116). The combination of fluvastatin with zoledronic acid enhanced the chemosensitivity to the ATP-based tumor assay (ATP-TCA) in twenty-two pre-treated (mostly with platinum-based chemotherapy) ovarian carcinomas. Sequential drug experiments showed that pretreatment of tumor cells dissociated from solid carcinomas with fluvastatin resulted in decreased sensitivity to zoledronic acid (117). Mechanistically, zoledronic acid and fluvastatin treatment enhance the effects that involved Ras prenylation. Thus, implying that prior to bisphosphonate administration, statins would be expected to block the entry of mevalonate into the pathway, reducing the substrate concentration for the step that is blocked by zoledronic acid, potentially enhancing the effectiveness of the combination (117).

Research has suggested cancer could be managed as an infectious disease, in other words, by taking advantage of antibiotics that inhibit mitochondrial biogenesis, which is essential for clonal expansion and survival of cancer stem cells (118). This idea arose from the anabolic nature of cancer stem cells, which require mitochondrial biogenesis for proliferation and survival (118). Thus, targeting mitochondrial biogenesis is an alternative avenue that might render anti-tumorigenic effects useful against cancer treatment. Examples of antibiotics that impair mitochondrial biogenesis as a side effect are pyrvinium pamoate, doxycycline, azithromycin, tigecycline, and chloramphenicol, which make these compounds potential candidates in the treatment of OC (119). Mechanistically, antibiotics such as erythromycin, chloramphenicol, tetracyclines, glycylcyclines and pyrvinium pamoate target three main mitochondrial molecules. These are the mitochondrial 39S/large and the 28S/small ribosome subunits and mitochondrial oxidative phosphorylation proteins (OXPHOS), such as complex I of the electron transport chain (119–121). Azithromycin was shown to inhibit the tumor-sphere formation of OC SKOV3, ES2 and Tov21G cells, demonstrating the potential for cancer management (119). Conventionally, doxycycline has been used in the treatment of prostatitis, urinary tract infections and acne due to its anti-inflammatory properties (122–124). Doxycycline also inhibits cell proliferation, migration and matrix metalloproteinase 2 (MMP-2) activity in vivo model (Male Sprague-Dawley rats) treated with 30-mg/kg/day doxycycline after arterial injury (125), suggesting that if this drug were to be used for cancer therapy, its toxic side effects might be negligible (119, 126, 127). Mechanistically, doxycycline inhibits matrix-metalloproteinases (MMPs) and the formation of the tumor-sphere in cellular models of OC like SKOV3, ES2 and Tov21G (119). Doxycycline from 50 μM to 500 μM did not affect the viability of normal fibroblasts (hTERT-BJ1) and MCF7 cells (119). Doxycycline treatment reduced tumor growth by 80% in pancreatic tumor xenografts of PANC-1 cells (128). The antibiotic also reduced bone and bone-associated soft-tissue tumor mass by >60% and ~80%, respectively, in a xenograft model of breast cancer bone metastasis that involved MDA-MB-231 cells (129). The anti-cancer activity of doxycycline was attributed to the inhibition of MMPs rather than the targeting of mitochondrial biogenesis (119). Doxycycline exhibited a marked suppression of both invasive and migratory behaviors in human oral squamous cell carcinoma (SCC-15 cells) in vitro, with inhibition levels exceeding 75% at a concentration of 10 μg/ml. Additionally, daily administration of doxycycline at a dosage of 3 mg/mice effectively impeded tumor progression in SCC-15 xenografted nude mice, resulting in an 85.6% inhibition rate. Following doxycycline treatment, MMP-9 mRNA levels in fresh tumor tissue notably decreased compared to the control group treated with normal saline (P < 0.01), while MMP-2 mRNA levels remained unchanged (130).

Glycylcyclines and tetracyclines impair protein synthesis in bacteria (131, 132). These molecules bind to the bacterial 30S ribosomal unit, inhibiting the binding of aminoacyl-tRNA to the ribosomal A-site. Thus, glycylcyclines could be used to inhibit mitochondrial biogenesis in a similar manner to the one discussed above (119). Pyrvinium pamoate is an anti-helminthic drug which inhibits OXPHOS under normoxic and hypoxic environments and also prevents the formation of the tumor-sphere (119). Finally, tigecycline was shown to also inhibit the formation of a mammo-sphere in SKOV3, ES2 and Tov21G OC cell lines (119).

Monensin is primarily used as a veterinary antibiotic and feed additive for livestock, especially in the prevention and control of coccidiosis. The use of Monensin in human medicine is not authorized, and it is not prescribed for human consumption. However, experiments in SKOV-3, A2780, OVCAR-3 and CAOV-3 cells yielded promising results as a potential repurposed drug against OC. Monensin was shown to regulate the expression molecules linked to the epithelial-mesenchymal transition (EMT) and the mitogen-activated protein kinase (MEK)-extracellular signal-regulated kinase (ERK) pathway (61). This drug inhibited the proliferation of A2780, OVCAR3 and CAOV-3 cell lines from 0.2 µM (low inhibitory effect) until 5 µM (complete inhibitory effect) and impaired the invasive properties of SKOV-3 cells. Furthermore, in vivo experiments where SKOV-3 cells were injected into nude mice, followed by monensin administration (0, 8, and 16 mg/kg), resulted in reduced tumor masses in monensein-treated animals, compared to control groups (61). Mechanistically, monensin stimulated the SUMOylation of MEK1, impaired the growth, migration, and invasive capabilities of the A2780, OVCAR3, CAOV-3 and SKOV-3 OC cell lines and in the in vivo murine ovarian cancer xenograft model. Thus, monensin holds promise for OC treatment by augmenting MEK1 SUMOylation by suppressing the MEK-ERK signaling pathway (61). To investigate the potential SUMOylation of MEK in OC cell lines, MEK1 and SUMO1 were co-expressed in the non-tumorous cell line HEK293. Immunoprecipitation and western blot analyses of MEK1 revealed that monensin augmented the SUMOylation of MEK1, in a dose- and time-dependent manner (61). However, this drug still needs to be evaluated for approval and usage in human patients.

Bithionol is an anthelmintic drug, historically used for the treatment of intestinal worm infections (133). Bithionol is believed to interfere with the energy metabolism of the parasites, leading to their death. Bithionol has also been used as an antibacterial and antifungal agent in some topical formulations (134, 135). However, due to potential side effects and the availability of other effective treatments, its use in medical practice has been limited. Bithonol causes cell death via caspases-3/7-mediated apoptosis, arrest cell cycle progression, promote the production of Reactive Oxygen Species (ROS) and inhibits Autotaxin (ATX) (136). Autotaxin is an enzyme involved in the production of the signaling molecule lysophosphatidic acid (LPA). ATX and LPA have been implicated in cancer progression, including tumor growth, invasion, and metastasis (137–146). ATX is often overexpressed in several types of cancer, and elevated levels of LPA have been associated with promoting cancer cell survival, migration, and angiogenesis (147–149). In human OC biopsies LPA2 and LPA3 are highly expressed in comparison with normal ovaries or low malignancy tumors. Furthermore, there is a significant correlation between the expression ratios of LPA2-3 and VEGF in patients with cancer (150). Thus, research has been focused to understand ways to inhibit ATX or block the LPA pathways to impede cancer progression. Since ATX is associated with an increase in invasiveness and aggressiveness of tumor cells, and with the grade of tumor development, the inhibition of ATX by bithionol might have an important repercussion in OC treatment (151). In addition, bithionol has been shown to also induce DNA fragmentation, loss of mitochondrial potential and overexpression and activation of apoptotic biomarkers, such as cleaved PARP and caspase-7 (136, 151).

Itraconazole, an anti-fungal drug, has an anti-angiogenic activity and inhibits the Hedgehog pathway inducing autophagic growth arrest (152–155). This drug has been proposed for the treatment of several cancers such as leukemia, ovarian, breast and pancreatic (156). Out of 55 patients with refractory OC, 19 individuals received a combination of itraconazole and chemotherapy. The median progression-free survival (PFS) was 103 days for those receiving chemotherapy (platinum and taxane administration) with itraconazole, compared to 53 days for those without itraconazole (p=0.014). Similarly, the median overall survival was 642 days and 139 days for patients with and without itraconazole, respectively (p=0.006). A proportional hazards regression model (Cox) was employed for multivariate analysis of progression-free survival (PFS) and overall survival (defined as the duration from the commencement of chemotherapy after becoming refractory to death by any cause) following itraconazole exposure alongside chemotherapy. The analysis was adjusted for factors including age, race, Eastern Cooperative Oncology Group (ECOG) performance status (PS), carcinoma histology, number of prior regimens, and platinum sensitivity status. The study demonstrated that the hazard ratio for PFS was 0.24 (p=0.002), and for overall survival, it was 0.27 (p=0.006) in the group receiving itraconazole therapy (157). This data strongly suggested that combining classic chemotherapy with itraconazole may improve the median overall survival rate due to a potential synergistic effect of itraconazole in the treatment of refractory OC (157).

The antiparasitic drug ivermectin, which binds to the glutamic acid operative chloride ion channel (GluCls) (158, 159) has been repurposed for OC treatment (160–162). Ivermectin arrests cell cycle at G0-G1 phase by increasing the synthesis of p21, reducing proliferating cell nuclear antigen (PCNA), cyclin E, and cyclin D protein levels in breast cancer cell lines (MCF-7, MDA-MB-231 and MDA-MB-468) (163). Ivermectin also reduces viability and colony-forming ability in cancer stem-like malignant populations in the SKOV-3 cellular model (163). Furthermore, ivermectin inactivates the P21 (RAC1) Activated Kinase 1 (PAK1), resulting in the inhibition of the phosphorylation of kinase Raf1 (RAF-1) in TYK-nu and RMUG-S OC cells (160). The proliferation rate of TYK-nu, KOC7c, SKOV3, and RMUG-S cell lines was also diminished (160). Ivermectin targets the yes-associated protein 1 (YAP1) (164), which promotes tumorigenesis in breast and liver cancers (165, 166), suggesting a potential application in the treatment of OC, where YAP1 is considered a prognostic marker of the disease (167, 168). Mechanistically, ivermectin blocks the activity of Karyopherin Subunit β1 (KPNB1) in the OC model SKOV3 and OVCAR3 cells, impairing proliferation by targeting several signal pathways, related to cell cycle progression and inducing apoptosis (169, 170). When combined with paclitaxel, these compounds present a synergistic anti-tumor action (171).

Mebendazole is another antiparasitic drug with anti-cancer activity. In several cultured cellular models of OC (MESOV, ES2, A2780, SKOV3 null p53, SKOV3 R248W p53, and SKOV3 R273H p53), mebendazole hindered cell proliferation and activated apoptosis via p53-independent induction of p21 and tubule depolymerization (172). The premise behind exploring these drugs as potential cancer treatments lies in their ability to destabilize microtubules (173–175). Importantly, mebendazole also inhibited cell proliferation and migration in the cisplatin-resistant human OC cell lines OVCAR8CR and OVCAR8 and further induced apoptosis in OVCAR8CR and SKOV3CR cells (176). Mechanistically, this drug modulates essential signaling pathways, such as MYC (Basic Helix-Loop-Helix protein transcription factor)/MAX (MYC Associated Factor X), ELK (ETS (E-twenty six) transcription factor)/SRF (Serum Response Factor), E2F (transcription factor)/DP1 (differentiation regulated transcription factor protein), and nuclear factor kappa B (NF-κB) (176). In addition, in a xenograft murine model of athymic nude mice injected with SKOV3CR cells, mebendazole acted cooperatively with cisplatin to inhibit proliferation, promote apoptosis, and decrease ovarian tumor growth (176). These findings support the possible application of mebendazole in the treatment and maintenance of OC (172), which in combination with cisplatin holds promise for treating chemoresistant OC cases (176).

Peroxisome proliferator-activated receptors (PPARs) have a crucial role in ovarian physiology by regulating the expression and activation of proteases (177–179). PPARγ is regulated by the luteinizing hormone and is highly expressed during ovulation (180). Furthermore, PPARγ(+/−) mice exhibited an approximately 3-fold rise in mammary adenocarcinomas (P<0.05), a more than 3-fold increase in ovarian granulosa cell carcinomas (P<0.05), a greater than 3-fold increase in malignant tumors (P<0.02), and a 4.6-fold elevation in metastatic incidence (181). In mice, PPARγ(+/−) has an increased susceptibility to ovarian carcinogenesis generated by dimethyl benzanthracene (DMBA, 7,12-dimethylbenz[α]anthracene) (181). In a murine model of PPARγ heterozygous female knockout (Pparγ+/−) and congenic wild-type littermate controls (Pparγ+/+), treated with the carcinogen DMBA, at the 25th week from the initiation of the study, KO mice exhibited significantly higher skin papilloma multiplicity (0.87 papillomas/mouse) compared to controls (0.52 papillomas/mouse; P<0.05) (182). By the end of the observation period, ∼41% (18 out of 44) of controls (Pparγ+/+) and ∼61% (24 out of 39) of knockout (Pparγ+/−) mice died or had to be killed due to morbidity resulting from tumor progression (181). Tumors in Pparγ+/− mice were found to be in a more advanced state compared to wild-type controls. Although the total ovarian tumor multiplicity did not differ between the two genotypes, Pparγ+/− mice displayed a significantly higher multiplicity of malignant tumors per mouse compared to wild-type controls when tumors were categorized as benign or malignant. In particular, among the total ovarian tumors, there were 3 carcinomas out of 12 in wild-type mice and 10 carcinomas out of 13 in Pparγ+/− mice, reaching a significance level of P < 0.02 (181). The increased susceptibility of Pparγ+/− mice to DMBA-induced carcinogenesis implies that PPARγ may function as a tumor modifier. Consequently, PPARγ-specific ligands could potentially play a beneficial role in chemo preventing ovarian carcinogenesis (181.

Activating ligands of PPARγ, such as ciglitazone, pioglitazone, and t-butyl [1,1-bis(3′-indolyl)-1-(p-t-butyl)methane (DIM-C-pPhtBu) have been proposed to inhibit OC by impairing proliferation and tumor development and also by triggering apoptosis (183–186). Specifically, ciglitazone inhibits cell proliferation by blocking cell cycle progression and promoting apoptosis (183, 184). In addition, ciglitazone enhanced PAR1-triggered prostaglandin E2 (PGE2) production and cyclooxygenase 2 (COX-2) expression in the normal rat gastric epithelial cell line (RGM1) (187).

Treatment with ciglitazone reduces Cox-2 mRNA expression and PGE2 production, while also decreasing COX-2 promoter activity. Additionally, it upregulates PPRE (putative PPAR response element) promoter activity in human non-small-cell lung cancer cells (A427 and A549) (188). Ciglitazone decreases expression levels of glucose transporter-1 (GLUT-1), inhibits glucose uptake, and increases tumor cell apoptosis in A2780 and OVCAR3 OC cells (189). Additionally, it reduces expressions of specific protein 1 (Sp-1) and β-catenin while increasing phosphorylation levels of adenosine monophosphate (AMP)-activated protein kinase and enhancing chromatin condensation and fragmentations (189). In an in vivo model utilizing eight-week-old female NOD-scid IL2R γ null (NSG) mice injected with A2780 OC cells, ciglitazone significantly decreases OC mass transplanted onto the back of the mice. GLUT-1 expression is increased in high-grade serous ovarian carcinoma, with expression levels proportional to cancer stage severity (189). Mechanistically, DIM-C-pPhtBu induces PPARγ-dependent p21 and reduces PPARγ-independent cyclin D1, resulting in cell cycle arrest, inhibition of cell proliferation, and apoptosis induction (185).

Clofibric acid, commonly used for the treatment of hyperlipidemia, was shown to reduce the growth of OVCAR-3 tumors transplanted subcutaneously and notably prolonged the survival of cancerous peritonitis mouse model with malignant ascites originating from DISS cells compared to the control group (190). Moreover, clofibric acid exhibited dose-dependent suppression of cell proliferation in OVCAR-3 cells. In both implanted OVCAR-3 tumors and cultured OVCAR-3 cells, clofibric acid treatment induced the expression of carbonyl reductase (CR), which promotes the conversion of PGE2 to PGF2α (prostaglandin F2α) (190). Clofibric acid treatment also reduced the levels of PGE2 and VEGF in OVCAR-3 tumors and DISS-derived ascites. Solid OVCAR-3 tumors treated with clofibric acid exhibited reduced microvessel density and increased apoptosis (190).

Disulfiram, a medication used to treat alcohol dependence, has been studied for its potential anticancer effects in OC. Research suggests that disulfiram may inhibit cancer cell growth and metastasis in copper (Cu)-dependent manner due to its ability to bind this ion (191, 192). Approximately 60% of breast cancer patients have elevated levels of Cu in serum (average 3.25 μg/mL) compared with healthy individuals (average 2 μg/mL) (193). The disulfiram-Cu complex was shown to be is a potent inhibitor of proteasomal activity and to trigger apoptosis in the cultured breast cancer cell lines MDA-MB-231 and MCF10DCIS.com, with no effect in non-tumorigenic immortalized MCF-10A cells (192). In mice with MDA-MB-231 tumor xenografts, disulfiram notably suppressed tumor growth by 74%. This effect was attributed to apoptosis induction and proteasome inhibition, which rendered accumulation of ubiquitinated proteins and the natural proteasome substrates p27 and Bax (BCL2 associated X, apoptosis regulator) (192). Disulfiram-Cu complex increases intracellular Cu concentration both in vitro and in vivo, bypassing the requirement for Cu-membrane transporters, such as Ctr1, suggesting that the classical transporter Ctr1 may not play a significant role in disulfiram-mediated Cu accumulation (194, 195). This complex antagonized NFκB signaling, suppressed aldehyde dehydrogenase activity and antioxidant levels, thereby inducing apoptosis mediated by oxidative stress in the inflammatory breast cancer model SUM149, rSUM149 cells (194, 195).

In a murine model, the disulfiram-Cu complex markedly suppressed tumor growth without notable toxicity, inducing apoptosis exclusively in tumor cells. This underscores that inflammatory breast cancer tumors are highly redox-adapted, potentially conferring resistance to ROS-inducing therapies (194, 195). Hence, the redox modulation capabilities of disulfiram represents a promising avenue for treating tumors enhancing the efficacy of traditional therapies (192). As such, in cultured OC models, disulfiram promoted oxidative stress through an Cu-dependent mechanism, resulting in death of OVCAR-3, SKOV-3, OVMZ-30, OVMZ-31, OVMZ-37, and OVMZ-38 cells (196). It has been reported that the ditiocarb-Cu complex, a metabolite of disulfiram, is responsible for the anti-cancer effects. Additionally, functional, and biophysical analyses identified NPL4 (nuclear protein localization protein 4 homolog) as the molecular target underlying the tumor-suppressing effects of disulfiram (191). NPL4 acts as an adaptor of p97, also known as ATPase valosin-containing protein (VCP) segregase, which is crucial for protein turnover in various regulatory and stress-response pathways within cells (191).

Disulfiram, combined with Cu, enhances cisplatin-induced apoptosis in IGROV1, SKOV3, and SKOV3IP1 cells, sensitizing cancer cells to cisplatin treatment and decreasing cell viability by 50-80%% (197). This combination targets acetaldehyde dehydrogenase (ALDH)+ cells, favoring cisplatin sensitivity in H460/CisR, H1299/CisR, and SKMES-1/CisR cells (198). Additionally, disulfiram and Cu supplementation reduces NF-κB activity and sensitizes H630WT and HCT116WT cell lines to gemcitabine (199). Disulfiram reverses doxorubicin (DOX) resistance by increasing c-Jun NH2-terminal kinase (JNK) expression and phosphorylation in HL60 cells (200). Effective cell death in OVCAR3 and SKOV3 cells is mediated by disulfiram, promoting an oxidative intracellular environment and causing irreversible cell damage associated with the expression of heat shock proteins HSP32, HSP40, and HSP70 (196). Furthermore, the combination of disulfiram and Cu, induces disulfide bond-mediated dimerization of HSP27, resulting in its inactivation and rapid detachment of OVCAR-3 cells, an effect not detected with disulfiram alone (196). Combinatory treatment of disulfiram with auranofin, an anti-rheumatic drug, enhances cytotoxic effects in OVCAR3 cells (188).

Fluphenazine is an antipsychotic drug that exerts its effects on the postsynaptic dopaminergic D1 and D2 receptors by inhibiting the release of dopamine. In OC OVCAR-3 cells, fluphenazine plays an essential role in the phosphorylation of AKT dependent on epidermal growth factor (EGF) (201, 202). Moreover, fluphenazine targets pyruvate dehydrogenase kinase 1 (PDK1), which is part of the PDK1/Akt pathway mediating cell survival, proliferation and tumorigenesis (201). Thus, the inhibition of PDK1/Akt kinase pathway suppressed the EFG-dependent proliferation phenotype and survival of cancer OVCAR-3 cells by inducing apoptosis (201). The proposed mechanism of action for fluphenazine is related to an enhancement of genomic DNA-oligonucleosomal cleavage, and to the activity of the caspase substrate polyadenosine diphosphatase ribose. These pathways trigger caspase-dependent apoptotic cell death (201).

Metformin, a frequently prescribed medication for type 2 diabetes mellitus, reduces proliferation of SKOV3ip1, OVCAR-5, HeyA8 and K-ras/PTEN cells. The K-ras/PTEN mouse OvCa cell line was established from ovarian tumors generated using a genetic mouse model (203, 204)). Mechanistically, metformin causes cell cycle arrest in G0/G1 phase by decreasing the expression of cyclin-dependent kinase 4 (CDK4) and Cyclin D1, with no evidence of triggering apoptosis (204). Metformin treatment results in reduced number and mass of ovarian tumors. For instance, female athymic nude mice pretreated with metformin (250 mg/kg/d) exhibited significantly fewer ovarian tumor implants compared to controls (mean number of tumors: placebo, 116; metformin, 47; P<.005) (204). In SKOV3ip1 xenograft mice, treatment with metformin in combination with paclitaxel resulted in a 60% reduction in tumor weight compared to controls (P=.02) (204). This combination demonstrated a stronger effect than each compound tested separately (204). Metabolically, metformin modifies adenosine monophosphate-activated protein kinase (AMPK) activity, lipid synthesis, and glycolysis. Notably, metformin induces apoptosis in OC cell lines in an AMPK-dependent manner (205–207).

Furthermore, a study of OC patients where a cohort of individuals was treated with metformin resulted in an increased survival rate (67%) of individuals treated with metformin compared to the non-treated group (47%) (208). Patients who consumed this drug exhibited a markedly enhanced 5-year survival rate (51%) compared to those who did not use metformin (8%) or those without diabetes (23%) (209). In combined metformin/cisplatin treatment, increasing metformin concentrations led to a notable reduction in the half-maximal inhibitory concentration of cisplatin (209). Consequently, research in ovarian cancer patients, alongside in vivo and in vitro models, highlights the inhibitory effect of metformin on tumor growth, its ability to enhance chemotherapy sensitivity, and its potential to prolong the life expectancy of affected individuals.

Naftopidil is an α1-adrenergic receptor antagonist that is primarily used for the treatment of benign prostatic hyperplasia (BPH), a condition characterized by an enlarged prostate gland in men (210–212). By blocking the α-1 adrenergic receptors in the prostate, naftopidil helps to relax the smooth muscles in the prostate and bladder neck, relieving symptoms of BPH and improving urine flow (213). In studies using cellular models of OC, naftopidil inhibited proliferation without eliciting apoptosis, leading to a cytostatic effect observed in SKOV-3 and IGROV1-R10 cell lines (214). Furthermore, this medication enhances the production of proapoptotic BH3-only proteins, namely Bim (BCL2-like 11, member of the Bcl-2 family that promotes apoptosis), Noxa (phorbol-12-myristate-13-acetate-induced protein 1), and Puma (BCL2 binding component 3). Two different mechanisms have been identified for naftopidil in OC-cultured models. For instance, in SKOV3 cells, an ER stress-induced response by the activating transcription factor 4 (ATF4), which is responsible for the phenotype, while in the IGROV1-R10 cell line, the JNK pathway is the leading pathway (214). Considering the mechanisms by which naftopidil induces the expression of Puma by the JNK/c-Jun pathway, resulting in a new alternative to OC management (214).

Nelfinavir is a protease inhibitor primarily used in the treatment of HIV (human immunodeficiency virus). Experiments in HGSOC cells showed that treatment with this drug reduces the cell number, clonogenic survival and viability (215). Additionally, nelfinavir favors a pro-apoptotic environment characterized by elevated levels of phospho-eIF2α (Eukaryotic Translation Initiation Factor 2A), DNA Damage Inducible Transcript 3 (DDIT3, also known as CHOP), and ATF4, as well as an increased ratio of Bax/Bcl-2 and cleaving of the executor caspase 7 (215). Nelfinavir triggered a dose-dependent reduction in the HGSOC cell number and viability and a parallel increase in hypo-diploid DNA content, independently of platinum sensitivity (215). DNA damage induced by nelfinavir was detected by the phosphorylation of the histone marker, H2AX (H2A.X variant histone) in PEO1 and PEO4 cell lines, in a process linked to reduced proliferation and survival mediated by the ERK and AKT pathways (215). In the PEO1 and PEO4 cellular models, a synergistic effect of nelfinavir with the protease inhibitor, bortezomib, enhanced the ability to induce short-term cell cycle arrest and long-term toxicity (215). So far, bortezomib has been used in the treatment of multiple myeloma and mantle cell lymphoma, but similarly to nelfinavir possess the potential as a treatment against OC.

Ritonavir is another protease inhibitor, largely used in the treatment of HIV, in combination with other antiretroviral medications to slow the progression of the disease. Ritonavir inhibits the activity of the HIV protease enzyme, which is necessary for the virus to replicate and produce new infectious viral particles (216). By inhibiting protease, Ritonavir helps reduce the viral load in the body. Additionally, ritonavir is often used as a “booster” medication, as it increases the levels of other protease inhibitors in the blood, enhancing their effectiveness. This boosting effect allows for lower doses of other protease inhibitors when used in combination with nucleoside analog reverse transcriptase inhibitors (NRTI), resulting in highly effective antiretroviral therapy. In the context of OC repurposing, ritonavir was shown to prevent cell cycle progression in MDH-2774 and SKOV-3 cultured models (217). Furthermore, in MDH-2774 and SKOV-3 cell lines, this drug promoted apoptosis and cell cycle arrest in G1 phase by depleting the phosphorylation of retinoblastoma (RB), and by reducing the expression of G1 cyclin and cyclin-dependent kinase (217). In MDAH 2774 and SKOV-3 cells, ritonavir also increased levels of phosphorylated AKT, thus inhibiting the PI3K-AKT pathway, which resulted in an antitumor effect that led to apoptosis (217–219). In xenograft models, nude mice injected with human ovarian adenocarcinoma A2780 cells and treated with ritonavir exhibited reduced tumor burden compared to untreated controls. Additionally, ritonavir-treated mice showed larger areas of necrosis and increased activated caspase-3 staining, indicating induction of apoptosis in the tumor cells (219).

Non-steroidal anti-inflammatory drugs (NSAIDs) are a class of medications commonly used to reduce inflammation, relieve pain, and lower fever. NSAIDs inhibit the production of prostaglandins by blocking cyclooxygenases (COX), which play a role in inflammation and pain (220). Thus, NSAIDs have anti-inflammatory and analgesic (pain-relieving) properties, often used to manage conditions characterized by inflammation, such as arthritis, osteoarthritis, rheumatoid arthritis, and to alleviate systemic pain in cases of menstrual cramps, headaches, muscle aches, and minor injuries (221–223).

Examples of NSAIDs include ibuprofen (e.g., Advil, Motrin), naproxen (e.g., Aleve), aspirin, diclofenac, and meloxicam. Among these, aspirin has been investigated for its potential to reduce the risk of ovarian cancer development and progression. Aspirin inhibits NF-κB, COX, and the PI3K/mTOR signaling pathway, concurrently activating AMPK (224). Some studies suggest that regular aspirin use may be associated with a reduced risk of OC incidence and mortality (225). Aspirin was shown to inhibit the proliferation of OCT2 and OVCAR-3 cells and to reduce PPARδ function by inhibiting ERK1/2 (226). Therefore, NSAIDs show promise as therapeutic treatments against OC; however, dosage seems to be a key feature requiring further investigation (158).

Cancer chemotherapeutic treatment often results in a significant upregulation of transmembrane efflux pumps, which contribute to the development of multiple drug resistance, a major impediment in effective cancer treatment. Highly resistant tumors might be eradicated using chemosensitizers that block the efflux of the drug and increase the entry of the drug into the cell (227). In this regard, sertraline is a selective serotonin reuptake inhibitor, commonly prescribed for the treatment of various mental health conditions, particularly depression, anxiety disorders, obsessive-compulsive disorder, and panic disorder (228). Sertraline increases the levels of serotonin, a neurotransmitter in the brain, which is believed to have a positive impact on mood and emotional well-being (229). For instance, P-glycoprotein (P-gp) is a transmembrane efflux pump that actively transports and eliminates drugs and other chemical compounds from cells. This protective function prevents the buildup of potentially harmful substances within cells, negatively impacting the therapeutic effectiveness of the drugs. Thus, P-gp is linked to multidrug resistance observed in cancer cells that develop resistance to multiple chemotherapeutic drugs (230). The significant implications for pharmacokinetics, where P-gp influences the absorption, distribution, and elimination of drugs, lead to altered bioavailability and distribution patterns for drugs that are substrates for P-gp (231). Certain drugs can either inhibit or induce P-gp activity, affecting the cellular concentrations of various substrate drugs. Ongoing research focuses on P-gp in drug development to enhance drug efficacy and address multidrug resistance, with efforts directed at designing drugs that can bypass or inhibit P-gp when necessary. This knowledge is essential for healthcare professionals and researchers navigating drug interactions and optimizing therapeutic outcomes. P-gp pumps are expressed and functional in the chemoresistant ovarian adenocarcinoma cell line OVCAR-8 and in the derived drug-resistant models (human ovarian adenocarcinoma cell line NCI/ADR-Res (NAR) cells) (227). Among these, sertraline has been shown to enhance the cytotoxicity of DOX and reduce DOX efflux in NAR cells (227). Studies conducted in human ovarian adenocarcinoma xenograft models demonstrated that combining sertraline with DOXIL® (pegylated liposomal DOX) effectively reverses multiple drug resistance (MDR). Sertraline acts as a chemosensitizer by blocking extrusion pumps, thereby allowing the drug delivered via the nanomedicine to accumulate inside the cell (227). Hence, the combined therapy of nanomedicine with chemosensitizers like sertraline is poised to amplify therapeutic responses in highly resistant tumors. This approach increases drug influx through nanomedicine while reducing drug efflux by employing a chemosensitizer (227). Moreover, findings from a xenograft murine model revealed that combining sertraline with DOX significantly enhances cytotoxicity, delaying tumor growth and improving survival rates by 1.5-fold (227). This combined treatment holds promise in mitigating multiple drug resistance phenotypes attributed to P-gp pumps, such as Multidrug Resistance 1 (MDR1, also known as ABCB1), which are ATP-dependent efflux pumps of the ABC protein superfamily (227, 232).

Thalidomide was initially marketed as a sedative-hypnotic drug with anti-emetic activity against morning sickness of early pregnancy, but was withdrawn from the market in the early sixties as it was found to cause severe fetal malformations (233–235). It is a medication with immunomodulatory and antiangiogenic properties that has been investigated for its potential to inhibit tumor growth and angiogenesis in ovarian cancer. Studies suggest that thalidomide may exert anticancer effects by modulating immune responses and disrupting tumor microenvironment interactions (10). Thalidomide inhibits TNF-α production in lipopolysaccharide-stimulated monocytes (236). Thalidomide decreased the capacity of SKOV-3 cells and primary epithelial ovarian carcinoma cells to secrete TNF-α, but this drug did not significantly affect the proliferation and growth of SKOV-3 cells (237). Thalidomide notably decreased the capacity of SKOV-3 cells to secrete MMP-9 and MMP-2, yet it did not have the same effect on primary epithelial ovarian carcinoma cells. However, thalidomide did not affect the secretion of IL-6 in either SKOV-3 cells or primary epithelial ovarian carcinoma cells (237). Thalidomide inhibits the processing of the TNF-α and the angiogenic factor VEGF transcripts (238). Sixty-six patients, comprising 37 women and 29 men, with advanced cancer (19 ovarian, 18 renal, 17 melanoma, 12 breast cancer) received daily treatments ofthalidomide at a dose of 100 mg. Out of the 18 patients with renal cancer, three showed partial responses, and an additional three patients experienced disease stabilization for up to 6 months. Although no conclusive responses were observed in patients, there was an improvement in the sleep quality (P<0.05) and preserved appetite (P<0.05) in these individuals (239). Women (138) diagnosed with biochemical-recurrent epithelial OC, primary peritoneal cancer, or fallopian tube carcinoma were eligible for a randomized phase III trial of tamoxifen versus thalidomide (240). Results suggested that thalidomide treatment was associated with a similar risk of progression (HR=1.31, 95% confidence interval [CI]=0.93–1.85), an increased risk of death (HR=1.76, 95% CI=1.16–2.68) and more grades 3 and 4 toxicities (55% versus 3%) in comparison with tamoxifen treatment (240). Therefore, thalidomide was not more effective than tamoxifen in delaying recurrence or death but was more toxic (240).






Repurposed kinase inhibitors

Several kinase inhibitors, originally developed for different pathologies, have been investigated for their potential to target specific signaling pathways implicated in OC. Examples include dasatinib, a Src kinase inhibitor, and imatinib, a BCR-ABL tyrosine kinase inhibitor, which have shown promise in preclinical studies of ovarian cancer (241).

Dasatinib is an inhibitor of Src/Abl family kinases used for the treatment of Philadelphia chromosome-positive acute lymphoblastic leukemia or chronic myeloid leukemia (242). Dasatinib inhibited cell growth by partially inducing apoptosis with a significant effect in autophagy activation in the SKOV3 and Hey cell lines (243). Dasatinib reduced the phosphorylation of AKT, mTOR, p70S6K, and S6 kinase expression and reduced Bcl-2 expression and activity. Dasatinib induces autophagy in Hey and SKOV3 cells that partially depends on beclin 1, AKT and Bcl-2. Overexpression of Bcl-2 partially prevented dasatinib-induced autophagy. In a Hey xenograft model, dasatinib inhibited tumor growth and induced both autophagy and apoptosis (243). Elevated levels of p-Src (phosphorylated Src family tyrosine kinases) protein expression were detected in A2780, HO8910, OVCAR3, CAOV3, and COC1 cell lines compared to healthy cells. This observation suggests activation of the Src signaling pathway (244). Combining dasatinib and paclitaxel significantly inhibited proliferation and boosted apoptosis in A2780 and HO8910 cells compared to controls. This combination showed tumor growth inhibitory rates of 76.7% and 58.5% in A2780 and HO8910 cell lines, respectively, outperforming paclitaxel treatment alone (244). In A2780 and HO8910 xenografts models, dasatinib treatment inhibited tumor growth by 43.2% and 34.0%, respectively (244). Paclitaxel treatment increased Src activation in Hey OC cells, inducing the expression of EpCAM (epithelial cell adhesion molecule) marker expression in Hey cells, while upregulated the expression of SSEA-4 (stage-specific embryonic antigen-4) and CD133 (prominin 1) markers (245). In this sense, dasatinib combined with paclitaxel significantly suppressed p-Src in Hey cells and xenografts but had no effect on the expression of these markers (245). However, this combination did not enhance the proliferative, tumorigenic, and vasculogenic of paclitaxel alone in HEY cell-induced ovarian tumors (245). Importantly, administration of dasatinib and paclitaxel in murine models reduced the invasion of cancer cells into the pancreas and liver, major organs affected by ovarian tumor metastasis. Thus, the evidence points to a significant potential of dasatinib in targeting intra-peritoneal dissemination of OC (245).

Imatinib inhibits the proliferation of several OC cell lines (C272-hTert/E7, C889/hTert, CSOC848, CSOC908, and CSOC918) that expressed elevated levels of PDGFRα (platelet-derived growth factor receptor α) (246). SKOV3 and CAOV3 cells do not express PDGFRα are insensitive to the effects of imatinib, suggesting that the inhibition of cell proliferation by imatinib is in a PDGFRα-specific manner. Imatinib induces antiproliferative effects by arresting cell progression at G0-G1 and impeding advancement through the S phase. Additionally, at a concentration of 1 μm, Imatinib inhibits both PDGFRα and Akt phosphorylation (246). However administration of imatinib to patients with epithelial OC, had minimal effect as a single treatment (247). A phase II trial of imatinib administered to patients with platinum-resistant OC, showed that imatinib mesylate, when used alone, lacks significant clinical efficacy in c-Kit and/or PDGFR positive, recurrent OC, particularly in heavily pretreated patients (248). Thus, imatinib may be considered as a supplementary drug to be used in combination with other treatments.

Hormonal therapy is an emerging treatment that utilizes hormones or hormone-blocking agents to interfere with the growth and progression of OC cells. While hormonal therapy is not a standard treatment for most OC, it may be considered in specific cases where the cancer cells express hormone receptors, such as ER and PR. This strategy can be particularly useful for endometrioid OC and some ovarian stromal tumors that may express these hormone receptors. Among the drugs utilized in hormonal therapy is tamoxifen, a Selective ER Modulator (SERM) commonly used in breast cancer treatment and has been investigated in some cases of OC with hormone receptor expression (249, 250). Aromatase inhibitors, such as letrozole and anastrozole, which prevent the synthesis of estrogen, are mainly used in the treatment of breast cancer and oftentimes as fertility treatments, are sometimes used in ER+ OC cases (251–255). In a phase II trial involving 50 patients with relapsed ovarian cancer, the antitumor activity of letrozole was assessed using Union International Contre Cancer (UICC) and CA125 (cancer antigen 125) marker criteria. Tumors categorized as stable disease by UICC criteria showed significantly higher ER (P=0.027) and PR (P=0.0066) values compared to those categorized as progressive disease (251). The combined presence of these receptors strongly correlated with stable disease (P<0.0001). Similarly, according to CA125 criteria, tumors with higher ER (P=0.013), lower erbB2 (P=0.026), and higher epidermal growth factor receptor (P=0.009) levels were associated with CA125 stable/responsive disease compared to progressive disease (251). In another phase II trial, letrozole was administered at a daily dosage of 2.5 mg until either clinical or marker evidence indicated disease progression. This trial focused on ER-positive OC patients with rising CA125 levels, indicative of progression according to Rustin’s criteria (252). Among the 42 patients assessed for CA125 response, 7 (17%) showed a response, defined as a decrease of more than 50%, while 11 (26%) patients did not experience progression, indicated by a doubling of CA125 levels, after 6 months of treatment (252). Of the 33 patients evaluable for radiological response, 3 (9%) had a partial remission, and 14 (42%) had stable disease at 12 weeks (252). Subgroup analysis based on ER status showed CA125 response rates of 0% (immunoscore of 150-199), 12% (immunoscore of 200-249), and 33% (immunoscore of 250-300), with a significant trend observed (P = 0.028, χ2 for trend). Additionally, expression levels of HER2, insulin-like growth factor binding protein 5 (IGFBP5), trefoil factor 1 (TFF1), and vimentin correlated with changes in CA125 levels during treatment (252). Finally, a 2.5 mg daily oral dose of letrozole was administrated to thirty-three women with recurrent ER+ epithelial ovary or peritoneum carcinoma enrolled in a phase II trial (253). Among these patients, 26% of the individuals diagnosed with ER-+, platinum- and taxane-resistant high-grade ovarian and primary peritoneal cancer who received letrozole treatment experienced a clinical benefit, defined as either stabilization of disease or partial response (3% of patients) (253).

Ormeloxifene is a SERM primarily used as an oral contraceptive and for the treatment of conditions related to the female reproductive system. It inhibits the action of estrogen on the uterus, leading to changes in the cervical mucus chemistry and endometrium. These physiological changes create a challenging environment for the sperm to reach the egg and for a fertilized egg to successfully implant in the uterus. In the context of OC repurposing, in vitro experiments showed that ormeloxifene hindered cell proliferation and triggered apoptosis in cisplatin-resistant in the A2780, A2780-CP and SKOV-3 cell lines (256). At the molecular level, ormeloxifene reduced AKT phosphorylation, enhanced p53 phosphorylation, and altered the synthesis and localization patterns of cyclin D1, cyclin E, p27, and CDK2 (256). In xenograft murine models, injecting 50 or 100 µg ormeloxifene once a week for 5 weeks reduced tumorigenesis and metastasis within the peritoneal cavity (256). Within 2 weeks of A2780-CP cell injection, all mice treated with vehicle displayed a swollen abdomen, indicative of ascites formation, along with significant peritoneal carcinomatosis and numerous solid tumors (256). Conversely, mice treated with 100 µg of ormeloxifene showed no detectable tumors (256). This suggests that ormeloxifene holds promise as a compound for OC treatment. Despite the potential benefits, hormonal therapy is not widely used in OC yet and is only considered when other standard treatments are not effective and in specific cases of OC patients expressing the hormone receptors. It is noteworthy that while hormonal therapy has potential in OC treatment, standard treatments such as surgery and chemotherapy remain the mainstay of ovarian cancer management. As clinical research and trials progress, this treatment option may become an efficient alternative to OC care.





Model-informed drug repurposing

Model-informed drug repurposing (MIDR) might be used to accelerate the repositioning of drugs (257). MIDR is a rapidly expanding in silico approach to drug discovery and development that involves mathematical models, computational tools, and data-driven techniques to identify new therapeutic uses for existing drugs (257). The development of powerful computational methods, such as bioinformatics, systems biology, and quantitative pharmacology modeling, and the combination of these techniques, allow the analysis of large datasets to identify potential connections between drugs and diseases. This is further achieved by consolidating diverse data sources, such as genomic, transcriptomic, proteomic, and clinical records. In addition, network pharmacology, as well as pharmacokinetic and pharmacodynamic modeling, further refine the understanding of complex interactions among drugs, targets, and diseases. Ultimately, these approaches are now being integrated into machine learning algorithms and artificial intelligence pipelines to combine complex datasets and efficiently predict drug-disease relationships. These in silico models can also help identify synergistic effects of drug combinations for improved therapeutic outcomes. This powerful experimental approach is now being utilized in the treatment of cancer.

As an example, a recent report that involved a literature search coupled to in silico analyses and screening process involving preclinical research, explored the testing of approved compounds for human use in treating OC (258). The combination of these approaches rendered four compounds used regularly in the clinic, metformin, celecoxib, lurbinectedin, and 5-azacytidine, as drugs with significant potential for repurposing in the context of myeloid-derived suppressor cells (MDSC) within the OC tumor microenvironment (258). MDSC suppresses the immune response in OC through several mechanisms; therefore, finding potential drug candidates for repositioning has been a challenging process (258). As example is the emerging evidence for lurbinectedin, a synthetic compound derived from the marine organism Ecteinascidia turbinate. lurbinectedin is an alkylating anticancer drug. It targets specific DNA repair mechanisms in cancer cells, leading to DNA damage and cell death (259). Lurbinectedin decreases myeloid-derived suppressor cell (MDSC) percentages in vitro in chronic lymphocytic leukemia (CLL) patient-derived studies (260). It induces cell death in a dose and time-dependent manner and reduces the expression of chemokine receptor CCR7 implicated in B-CLL cell migration (260). Notably, malignant B cells from patients with clinical lymph node involvement exhibit higher trans-endothelial cell migration (TEM) in response to CCL21 and CCL19 compared to those without such organomegaly (260). There is a correlation between CCR7 expression, receptor for both CCL21 and CCL19, and clinical lymphadenopathy, and blocking CCR7 suppresses TEM of CLL cells (260). Lurbinectedin has shown promise in treating various solid tumors, including small-cell lung cancer and relapsed OC (261). This drug received accelerated approval from the U.S. FDA for metastatic small-cell lung cancer that has progressed after platinum-based chemotherapy (262). In vitro studies revealed significant antitumor effects of lurbinectedin on both chemosensitive and chemoresistant clear cell carcinoma (CCC) of the ovary cells (RMG1, RMG2, KOC7C, and HAC2) (263). Evaluation of mouse CCC cell xenografts confirmed that lurbinectedin effectively suppressed tumor growth. Notably, combining lurbinectedin with SN-38 (7-ethyl-10-hydroxycamptothecin) demonstrated a significant synergistic effect, particularly evident in both cisplatin-resistant and paclitaxel-resistant CCC cell lines. These findings indicate potent antitumor activity of lurbinectedin in both cisplatin-sensitive and cisplatin-resistant OC (263). Furthermore, lurbinectedin is under investigation in clinical trials for potential efficacy in other cancer types, including advanced ovarian, endometrial, and breast cancers, relapsed hematological malignancies like acute myeloid leukemia (AML) and lymphomas, and soft tissue sarcomas including liposarcoma and leiomyosarcoma (261, 264, 265). Combination therapies involving lurbinectedin are being assessed, including with immune checkpoint inhibitors, PARP inhibitors, and other targeted therapies, to explore potential synergistic effects.

Celecoxib, a selective COX-2 inhibitor used to treat pain and inflammation, has been investigated for its potential to inhibit OC growth and metastasis. Evidence suggested that celecoxib may exert anticancer effects in OC cells by inhibiting COX-2-mediated signaling pathways involved in tumor progression (266). In areas of active tumor growth in a murine model for mesothelioma, large numbers of MDSCs co-localize with COX-2 expression (267). Celecoxib effectively reduced PGE2 levels both in vitro (mesothelioma AB1 cell line) and in vivo (BALB/c mice) (267). Furthermore, celecoxib treatment decreased levels of ROS in immature myeloid subtypes (MO-MDSC, PMN-MDSC, and Gr-1lowSubset 2) from the spleen of tumor-bearing mice and improved cytotoxic T cell function (267). Ten days after injection with a lethal dose of 0.5×106 AB1 tumor cells, the absolute number of MDSCs was significantly lower in mice receiving the celecoxib diet compared with mice receiving the control diet. This difference was more pronounced at day 22 after tumor injection, and mice receiving the celecoxib diet did not exhibit any discernible side effects (267). These findings highlight the potential of celecoxib as an adjunctive therapy in cancer treatment strategies.

Finally, 5-azacytidine is a nucleoside analog that is incorporated into DNA and RNA and inhibits DNA methyltransferase enzymes leading to subsequent DNA hypomethylation. It is primarily used as a demethylating agent in the treatment of certain hematological malignancies, particularly myelodysplastic syndromes, where it can help to restore normal hematopoiesis by reversing aberrant DNA methylation patterns (268–270). The inhibition of methylation via 5-azacytidine increases the formation of invadopodia and enhances the extracellular matrix degradation in SKOV3 and A2780 cells and further promotes cell migration and invasion of SKOV3 cells (271). Moreover, in SKOV3 cells, 5-azacytidine induce the expression of genes and proteins involved in actin-regulating signaling pathways [PIK3CA (phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha), SRC (SRC proto-oncogene, non-receptor tyrosine kinase), RhoC (ras homolog family member C), RhoA (ras homolog family member A), RAC1 (Rac family small GTPase 1), and AFAP (actin filament associated protein 1) (271). Furthermore, the 5-azacytidine increased the phosphorylation of AKT and p110 alpha (PI3-kinase isoform), suggesting that the PI3K-AKT pathway is activated in SKOV3 and A2780 cells (271). In mouse xenograft models, 5-azacytidine treatment suppressed tumor growth and increased the occurrence of metastatic nodules, indicating an enhanced metastatic potential due to DNA demethylation (271). Methylation inhibition led to increased transcription of PIK3CA and upregulation of genes associated with the PI3K-AKT signaling pathway (271). This induction likely occurs through epigenetic regulation of PIK3CA, as analysis of DNA methylation levels in the PIK3CA promoter region indicated decreased methylation of CpG islands in SKOV3 and A2780 cells following 5- azacytidine treatment (271). The impact of trichostatin A (TSA) and 5-azacytidine (5-aza-2′-deoxycytidine), either alone or in conjunction with low-dose cisplatin, was assessed on Hey, SKOV3 and A2780 lines in vitro (272). Combined treatment exhibited superior efficacy compared to individual drugs and notably suppressed cell viability, migration, and spheroid formation and growth in Hey, SKOV3 and A2780 cells (272). Sequential administration of cisplatin (1 mg kg−1) followed by TSA (0.3 mg kg−1) significantly suppressed the tumorigenicity of Hey xenografts by inhibiting the expression of epithelial to mesenchymal transition (EMT) markers (Twist, Snail, Slug, E-cadherin, and N-cadherin), and reducing the pluripotency of ovarian cancer cells (272). Finally, a clinical trial in patients with platinum-resistant OC showed the effect of oral 5-azacytidine in combination with pembrolizumab (NCT02900560). Pembrolizumab is a monoclonal antibody medication used as immune checkpoint inhibitor for immunotherapy of various types of cancer (273). This study helped to establish an optimal dosing schedule for oral azacitidine in combination with pembrolizumab for platinum-resistant/refractory OC patients (274). Additional preclinical studies using 5-azacytidine alone and in combination with a small molecule histone deacetylase (HDAC) inhibitor, entinostat, showed high potential in OC treatment as well (258).

Despite the enticing results from the in silico analyses, it is important to note that it is of the essence to perform subsequent in vitro and in vivo validations prior to clinical applications. However, computational approaches can provide information and further hypotheses for model-informed drug repurposing. As summarized in this review, Figure 5 provides a schematic representation of central metabolic pathways associated with the anti-tumor activities of repurposed drugs. This overview encompasses antiparasitic drugs, antiretrovirals, antibiotics, hypocholesterolemia treatments, and other drugs and metabolites.




Figure 5 | Cancer hallmarks involved in the drug reposition for ovarian cancer treatment. Schematic representation of the main metabolic pathways related to anti-tumor activities of repositioned drugs. The summary includes antiparasitic drugs (dark blue boxes), antiretroviral (light green boxes), antibiotics (grape boxes), compounds to treat hypocholesterolemia (light blue boxes), and other drugs and metabolites (red boxes). Compounds used in combinatorial treatments are also represented (dark green boxes). Induction (→), reduction (*), or inhibition (┤) of the cancer hallmarks is indicated within the figure (Figure created with Biorender).







Conclusion

This review provides valuable insights into the utility of drug repositioning for OC treatment, highlighting the importance of cell line and animal models in initial screening and drug testing. Although clinical translation remains in its early stages, these models form a crucial foundation for future studies. Overcoming the challenges of translating preclinical findings into successful human therapies will require careful consideration of drug interactions, personalized medicine approaches, and extensive clinical validation. We provided a critical discussion of the potential of drug repositioning for OC treatment, highlighting current advances in the area, which does not represent a clinical investigation. Our analysis focused on in vitro experiments across multiple cancer cell lines and short-term in vivo models, and the limited information available from clinical trials. The discussion revealed encouraging evidence of the efficacy of existing drugs in targeting OC. Despite these promising findings, we recognize the limitations inherent in in vitro and preclinical models. These systems, while informative, fail to capture the full complexity, heterogeneity, and microenvironment of OC in human patients, which limits the direct translation of findings to clinical practice. Key challenges include differences in pharmacokinetics and pharmacodynamics between preclinical models and human systems, which may influence therapeutic efficacy and safety profiles. Furthermore, in vivo and in vitro studies do not account for the complex pharmacological interactions that occur in real-world scenarios, such as those between drugs, dietary supplements, and food, which could either amplify or attenuate therapeutic effects. Careful optimization of dosing regimens is crucial to balance efficacy and minimize adverse outcomes. Looking forward, systematic approaches that integrate high-throughput screening, computational modeling, and patient-derived models offer a path to refining drug combinations and tailoring therapies to individual patients. These methodologies, combined with biomarker-driven approaches, enable the identification of molecular pathways most relevant to OC progression and therapeutic response. Leveraging genomics and proteomics can further clarify the pharmacokinetics and pharmacodynamics of repositioned drugs, supporting their clinical application.

Drug repositioning is particularly advantageous in oncology due to its ability to shorten the timeline for bringing effective therapies to patients, compared to the 10 - 15 years typically required for de novo drug development, as evidenced above. Despite the potential usage of a wide range of available drugs, the clinical validation of these therapies requires robust longitudinal studies and clinical trials to assess safety, efficacy, and optimal combination strategies in the context of OC. Ultimately, drug repositioning holds significant promise for overcoming challenges in OC treatment, particularly drug resistance. By addressing pharmacokinetic challenges, optimizing dosing strategies, and incorporating personalized medicine principles, repositioned drugs can offer cost-effective and innovative solutions. Nonetheless, clinical trials remain indispensable to substantiating preclinical findings and ensuring that repositioned therapies fulfill their potential in improving outcomes for OC patients. This review point to the critical role of multidisciplinary approaches in advancing the utility of drug repositioning for OC, with the ultimate goal of enhancing patient survival and quality of life.
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Alternative splicing is a key mechanism responsible for protein diversity in eukaryotes. Even when the relevance of this process was initially overlooked, it is now clear that splicing decisions have a strong impact on the physiology of organisms. Moreover, aberrant splicing products have been clearly related to different diseases, including cancer. Deregulation of splicing factors or mutations at the immature mRNA level could be responsible of generating these aberrant products that are involved in cell biology processes, including migration, angiogenesis, differentiation, cell cycle, DNA repair and so on. For this reason, alternative splicing is now considered a hallmark of cancer. Prostate cancer is one of the most frequently diagnosed types of cancer and some of the leading global cause of cancer death men. Prostate cancer shows an important incidence in the developing world, while the mortality rate is growing because of limited medical infrastructure and awareness. Here, we present some of the key alternative splicing events related to prostate cancer and even when the exact role of these isoforms in the development of the disease has not been fully understood, we believe that the correction of these aberrant splicing events represents an attractive target for the design of innovative diagnostic and therapeutic tools.
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1 Introduction

Prostate cancer (PCa) is the second most common cancer diagnosed in men (after skin cancer) and the second most common cause of cancer death in men (after lung cancer). Advances in screening, diagnosis, and treatment of PCa have been improving outcomes for thousands of men. In the US, approximately 1 in 44 men will die from PCa in 2024, with an estimated total of 35,250 men, with a 5-year relative survival rate of 97% (1).

Most PCas are found early and are asymptomatic. If symptoms are present, patients may experience difficulty urinating, blood in urine or semen, back pain, or erectile dysfunction.

Screening for PCa is conducted with a PSA test. Although PSA screening can result in early detection of PCa, it is not completely reliable due to the possibility to generate false-positive results and overdiagnosis (2). Due to this possibility, routine PCa screening is not recommended for men at average risk but most organizations endorse shared decision-making to educate men about the pros and cons of PSA screening. In most countries including the US, the course of treatment is not always clear, and there is much debate over which strategies are most effective for PCa in the long term. This landscape urge the necessity to establish a clear correlation between the molecular characteristics and the cellular behavior of the tumor, in order to develop accurate diagnostic tools and effective therapeutic management.




2 Current tools for PCa diagnosis

PCa diagnosis requires a combined approach including magnetic resonance imaging (MRI), computed tomography (CT), and positron emission tomography (PET). Additional noninvasive procedures for PCa include serum prostate-specific antigen (PSA) levels and digital rectal examination. Finally, to determine the size and histological grade of the tumor, transrectal and transperineal biopsy, as well as transurethral resection of the prostate, may be performed (3).

In order to properly determine the stage of PCa, the following critical characteristics should be addressed: tumor size and spread to neighboring organs; spread of tumor to lymph nodes; metastasis; histologic grade of the tumor, based on the Gleason score; and PSA levels at the time of diagnosis (4).

Most therapies for early stages of PCa involve either surgically removing the tumor or active surveillance. Because many PCas require testosterone to grow, hormonal therapies aimed at reducing the amount of testosterone are frequently used in addition to medical procedures. Castration-resistant PCa (CRPC) refers to tumors that continue to grow in the absence of testosterone (5). Chemotherapy, immunotherapy, and radio-ligand targeted therapy can be used for CRPC or aggressive and recurrent disease.

Chemotherapeutic agents for PCa include: Cabazitaxel, Carboplatin, Docetaxel and Mitoxantrone hydrochloride. Pembrolizumab and sipuleucel-T are immunotherapy agents used for treating PCa (6).

Targeted therapy can be useful for PCa when the patient has specific mutations or the tumor expresses unique molecular characteristics. The following targeted therapies are applied for PCa: Lutetium lu 177 vipivotide tetraxetan; Olaparib; Radium 223 dichloride and Rucaparib camsylate (6).

Finally, hormonal therapy could be applied for PCa patients in order to reduce testosterone, which is required for tumor growth. The following therapies that work on a patient’s hormonal system are approved for use in PCa: Abiraterone acetate; Apalutamide; Bicalutamide; Darolutamide; Degarelix; Enzalutamide; Flutamide; Goserelin acetate; Leuprolide acetate; Nilutamide; and Relugolix (6).

Even when all these therapeutic tools could be applied in combination to reduce or revert the advance of PCa, most of them are recommended for treatment in advanced stages. In order to produce novel therapies, researchers continue to investigate additional molecular targets for the treatment of PCa.




3 Alternative splicing relevance in cancer

Alternative splicing (AS) is a co-transcriptional mechanism that regulates eukaryotic gene expression that affects over 90% of human genes (7, 8). In this mechanism, different combinations of exons and introns can be identified and removed from the pre-mRNA, allowing multiple mRNA configurations of joined sequences to arise from a single gene, increasing the coding potential of the genome (9).

Malfunctions of alternative splicing events can affect the natural expression of a large number of transcripts, including several factors involved in apoptosis or cell survival, molecular processes intimately associated with cancer evolution (10, 11). In many cases, specific splicing factors or mutated components of the splicing machinery are linked to an anomalous event. Moreover, a switch in specific splicing events occurs in particular types of cancer where the concomitant outcome is the production of non-functional proteins with added, deleted, or altered domains affecting tumorigenesis (12). With all this evidence, several strategies have been developed to regulate alternative splicing, some oriented to improve cancer prognosis, therapeutic and treatment.

Alternatively spliced messenger RNA often produce proteins with distinct or even opposing functions (i.e. Bcl-x produces a pro-apoptotic and an anti-apoptotic versions). It is estimated that as much as 50% of all genetic disorders may be caused by mutations that alter pre-mRNA splicing (13). There is increasing evidence regarding genes involved in different stages of cancer, whose alternative splicing is affected, with consequences in different processes such as cellular invasion and proliferation, resistance to apoptosis and susceptibility to different chemotherapeutic agents. In accordance with the information provided by the Cancer Genome Project of the Wellcome Trust Sanger Institute, 488 human genes possess mutations associated with some type of cancer. More relevant, 63 of them present mutations that somehow affect their alternative splicing. Despite the relevance of splicing to diseases, few approaches exist to control this mechanism with therapeutic purposes (14).




4 Alternative splicing events related to PCa

Even when more evidence concerning the relevance of alternative splicing in cancer is unraveled every day, further studies are needed in order to analyze the molecular mechanisms regulating aberrant splicing events and the cellular pathways altered by these splicing decisions. Here, we present some of the key splicing events associated to PCa development. Each case is presented separately and the key information is summarized in Table 1.


Table 1 | Splicing events relevant to prostate cancer.





4.1 The androgen receptor

Alternative splicing of the androgen receptor is one of the most studied events for PCa. This nuclear receptor for male sex hormones is a multidomain protein that possess the ability to dimerize when binding to an androgen molecule and the activation of this route starts different mechanisms of cell development and proliferation (42).

The gene coding for the AR consists of 8 exons, where exons 5 to 8 encode the ligand-binding domain (LBD). Interestingly, in prostatic cancer cells the expression of this gene is modified and an aberrant alternative splicing occurs (Figure 1A), generating two truncated isoforms of the receptor, named AR-V7 and AR-V9 (43). These isoforms completely lack the LBD domain and therefore they are not able to bind to androgens, but they are constitutively active, so that they cannot be negatively regulated and will be constantly generating proliferation, conferring resistance and protection against hormonal treatments (15–17).




Figure 1 | Alternative splicing decisions regulate cell fate. The general structure and splicing choices are depicted for 8 pre-mRNAs, as follows: (A) the androgen receptor (AR), (B) the BCL-X gene (BCL2L1), (C) the insuline-like growth factor (IGF), (D) the krüppel-like transcription factor 6 (KLF6), (E)  D1 (CCND1), (F) the fusion between the ETS-related gene and the transmembrane serine protease 2 gene (ERG/ TMPRSS2), (G)  the nuclear factor Y (NF-YA) and (H) the vascular endothelial growth factor A (VEGFA).  The cellular effect of the isoforms generated is mentioned. Exons are represented with boxes while lines correspond to introns.



The expression of these aberrant isoforms derived from a deregulated alternative splicing event is not directly associated with a mutation in the gene for the androgen receptor, however it has been pointed out that the level of expression of these isoforms is related to an increase in the number of copies within the locus containing the gene in the cell. Moreover, it has been depicted that a deregulation and overexpression of the SRSF1 splicing factor correlates with the appearance of aberrant isoforms (18).




4.2 BCL2L1

The BCL-X gene (or BCL2L1) regulates apoptosis and therefore has an extremely important role in cancer (19, 20). This gene is constituted by 3 exons with the ability to generate 2 isoforms due to the selection of two alternative 5’ splice sites in exon 2, resulting in isoforms BCL-XL (B-Cell Lymphoma xtra large) and BCL-XS (B-Cell Lymphoma xtra small). Both isoforms have opposite functions where BCL-XS is proapoptotic being part of the core apoptosome, while on the contrary BCL-XL is antiapoptotic by antagonizing proapoptotic functions of other molecules belonging to the BCL-2 family (Figure 1B).

The regulation of the expression of these isoforms is determined by the regulation of the cell cycle and with this, the activation of different phosphatases. At the level of splicing regulation, it is known that the expression of BCL-XS is determined by hnRNP H and F, SAM68 and RBM25 (44–46). On the other hand, the expression of BCL-XL is regulated by SR proteins such as SRSF1, SRSF9 and SAP155 (45–48) that must be phosphorylated and this modification usually occurs during the initiation of cell replication (22). The disruption of the delicate balance between BCL-XL and BCL-XS isoforms has not been related to a specific mutation; however, it is believed that it has to do with the appearance of epigenetic changes that affect the cell cycle, but further evidence is needed to fully demonstrate this observation.

In the context of PCa, it has been determined that prostatic cell lines expressing BCL-XL show a fairly high resistance to apoptosis generating resistance to various treatments from chemotherapy to radiotherapy (21). As an alternative, phosphorylase inhibitor drugs have been implemented for cancer treatment, although this could generate negative effects in other healthy tissues.




4.3 CCND1

The CCND1 gene consists of 5 exons and encodes the cyclin D1 protein which is a proto-oncogene given its ability to activate cyclin-dependent kinases (CDK) 4 and 6 forming a complex that phosphorylates and thus activates molecules that allow cell cycle progression from G1 to S phase promoting cell proliferation. Moreover, cyclin D1 sequesters inhibitors of CDK kinases such as p27.

Usually, the mRNA resulting from the CCND1 gene does not undergo alternative splicing; however, it has been seen that in multiple cancers and tumors there are translocations and deletions that promote the activation of this gene (49). In PCa, it has been determined that a single nucleotide polymorphism for this gene is common, this allele called G/A870 consists of the change of a guanine by an adenine in the vicinity of the end of exon 4 and beginning of intron 4. This mutation causes a decrease in the recognition of the usual splice sites and favors the formation of a transcript that retains a fraction of intron 4 that includes a premature stop codon, generating the isoform called cyclin D1b (Figure 1E). This isoform always resides in the nucleus, unlike the normal isoform that shuttles between the nucleus and the cytoplasm according to the signals in the cell. The expression of this isoform also correlates with a decrease in the activation of the androgen receptor in PCa (23).




4.4 CD44 and KLK3

CD44 is an adhesion glycoprotein expressed in the epithelial cells of prostate tissue. The CD44 gene consists of 20 exons, where intermediate exons v2 to v10 are mutually exclusive and could be included due to alternative splicing decisions. It has been reported that during PCa a deregulation of this alternative splicing selection occurs, generating various isoforms at different stages of the disease. However, it has been observed that in metastatic stages of PCa there is a negative regulation in the expression of this glycoprotein while migration is decreased (24). One report proposes that CD44v6 is expressed in epithelial to mesenchymal transition (25). Considering this evidence, CD44 and CD44v6 could be an interesting marker to find prostatic metastatic cells in liquid biopsies.

The KLK3 gene encodes the protein peptidase related to kallikrein 3 (KLK3), better known as the prostate specific antigen (PSA). KLK3 functions as a protease and it plays an extremely important role during the development of PCa, where it is overexpressed in order to degrade the extracellular matrix and thus expand the cancerous tissue (26). Moreover, an increase in angiogenesis also correlates with the overexpression of KLK3 in the context of PCa (27).

KLK3 consists of 5 exons and 8 isoforms of the KLK3 protein are known. Even when different attempts have been made in order to relate the different isoforms of KLK3 with malignancy and progression of PCa, no irrefutable evidence has been found yet and it becomes interesting to explore alternative splicing regulation for this PCa biomarker (26).

Both the CD44 and KLK3 genes are important in the development of PCa disease and although they are well studied, alternative splicing events are highly complex, and not only have polymorphisms been reported that modify the dynamics of splicing, It has also been seen that this modification can be orchestrated by epigenetic mutations and therefore are not very useful as a therapeutic target. Interestingly, there was a sharp decline in the overall incidence of PCa from 2007 to 2014 in the US, which correlated with a reduction in prostate specific antigen (PSA) screening as a result of changes to US Preventive Services Task Force recommendations. Variations in PCa incidence rates mainly reflect the use of PSA screening, which typically detects localized disease. In 2023, it was estimated that 55% of American men with metastatic PCa were initially diagnosed with localized or regional disease, reflecting the importance of PSA detection. Even when the full impact of splicing decisions for CD44 and KLK3 in the onset an evolution of PCa remains elusive, it results interesting to analyze the expression of splicing variants during the progression of the disease in order to develop new and improved diagnostic and therapeutic tools.




4.5 FOXA1

FOXA1 is a transcriptional factor responsible for the modulation of key splicing factors such as hnRNPK and SRSF1 (50). Although several mutations have been detected in the FOXA1 gene, the effect of these mutations on the expression of genes regulated by splicing factors including SRSF1 (like AR or VEGFA) has not been fully understood yet. The FOXA1 gene has been found to have a very high mutagenesis rate, which is reflected in the ability to generate tumors in basically any endoderm-derived tissue, including the prostate gland (28).

The relationship between FOXA1 and splicing regulation in the context of PCa is still not fully understood (29), but we believe that the analysis of this cellular cascade in the following years could mean a significant advance for the development of diagnostic targets.




4.6 IGF-I

Insulin-like growth factor I (IGF-I), also called somatomedin C, is essential in developmental and proliferative functions in many tissues, besides maintaining homeostasis of several hormones including insulin. This factor is secreted mainly by the liver and some other tissues such as the prostate in a paracrine manner.

The gene encoding this factor (IGF-I) consists of 6 exons that generate 3 different isoforms: IGF-IEa, IGF-IEb and IGF-IEc (30) and the IGF-IEc isoform is highly expressed during PCa and this has been directly related to an increase in proliferation mediated by the activation of the IGF-1R receptor in PCa epithelial cells (Figure 1C). Interestingly, several studies have shown an association between increased levels of circulating IGF-1 and the risk of developing solid malignancies, including PCa (31). The IGF-IEc isoform is overexpressed in human PCa tissues and in human PC-3 and LNCaP cells. This preferential IGF-IEc mRNA expression generates the MGF E peptide that possesses mitogenic activity through mechanisms independent of IGF-1R, IR, and hybrid IGF-1R/IR (51). Altogether, these observations suggest that IGF-1 and IGF-IEc could act as circulating biomarkers for PCa diagnosis.

There are also reports of mutations that favor the formation of other IGF-I isoforms, although they have not yet been related to PCa.




4.7 KLF6

The KLF6 gene (krüppel-like transcription factor 6), consisting of 3 DNA-binding zinc domains, regulates the cell cycle by inducing the expression of the cell cycle inhibitor p21 and preventing replication as its main function; however, KLF6 is a factor that can also be one of several modulators of cell differentiation, apoptosis and development and is therefore considered a tumor suppressor.

Usually, KLF6 is expressed without undergoing alternative splicing (wtKLF6 isoform). However, individuals possessing the IVSΔA allele generate 3 alternative isoforms: KLF6-V1, KLF6-V2 and KLF6-V3. These isoforms lack one (KLF6-V2) or 2 zinc domains (KLF6-V1 and KLF6-V3) and therefore are not functional (Figure 1D). In addition, alternative variants can also act as antagonists of the functional isoform wtKLF6 in such a way that it behaves as a dominant allele and therefore cancers related to this isoform tend to be aggressive and generate metastasis. The IVSΔA allele possesses a unique G/A polymorphism that generates a new splice site near the boundary between the first intron and the second exon (called IVS1 -27 point) that is recognized by the SRp40 protein and promotes the expression of isoforms lacking zinc domains (32).

The presence of the IVSΔA allele has been studied only in the American population and it has been determined that it is related to lung and PCa in men (33).




4.8 ERG/TMPRSS2

The ERG gene (ETS-related gene) is a member of the E-26 transformation-specific (ETS) family of transcription factors. The ETS transcription factors have a pivotal role in development and cell differentiation with roles in different cell types, where it regulates embryogenesis, vasculogenesis, angiogenesis, haematopoiesis and neuronal development. This transcription factor regulates the expression of genes involved in the regulation of cellular architecture, cell migration, invasion and cell permeability.

There are several descriptions of ERG’s gene and exon/intron structure. The ERG locus is approximately 300 kb long and includes at least 12 exons producing up to 30 alternative ERG transcripts that are expressed and encoding at least 15 protein variants (Figure 1F).

Prostate epithelia do not normally express ERG, but it has been reported that ERG is overexpressed in a high proportion of prostate carcinomas as a result of a gene fusion with the androgen-driven promoter of the TMPRSS2 gene. This fusion is caused by chromosomal translocation or by interstitial deletion of the intergenic region between TMPRSS2 and ERG (34). Deletions may occur because of fragile sites and breakpoints found in intron 2 of ERG and in introns 1 and 2 of TMPRSS2 that resemble Alu repeat elements. These elements are involved in gene expression at different levels, including alternative splicing. This aberrant ERG represses a number of prostate epithelium-specific genes, including KLK3, suggesting that ERG promotes the de-differentiaton of prostate epithelium (52).

Another alternative splicing decision relevant for ERG expression in prostate cancer involves cassette exons 7 and 7b. It has been reported that when exon 7b is included, ERG is phosphorylated by ERK kinase, triggering the posttranslational activity that drives cell proliferation (35).

It has been seen that this ERG/TMPRSS2 deletion is present in approximately 50% of PCas and it has been demonstrated that inhibiting the insertion of exon 7b decreases cell proliferation and migration. Due to the complexity of this gene, no trans acting splicing regulatory factors have been described yet but the development of tools designed to modify these splicing events are attractive (36).




4.9 Nuclear factor Y

The transcription factor NF-Y supports cell proliferation by activating the transcription of various molecules that allow transformation and proliferation. This factor comprises 3 subunits: NF-YA, NF-YB and NF-YC. The gene coding for the NF-YA subunit consists of 9 exons where the first exon corresponds to a non-coding sequence and the third exon undergoes alternative splicing that encodes 28 amino acids (Figure 1G), producing the NF-YAL and NF-YAS isoforms, respectively (37). Although the dynamics that deregulates the expression of these isoforms is not fully known, it has been seen that other epithelial cancers such as lung adenocarcinoma overexpress the long isoform NF-YAL which has been related to cell migration, while the short isoform NF-YAS is related to endometrial cancer tumors. In PCa, it has been observed that the increase of NF-YAS induces cancer cell proliferation, while NF-YAl overexpression increases cell motility. We believe that evaluation of NF-YA splicing may represent a new molecular strategy for risk assessment of PCa patients (38).




4.10 VEGFA

The vascular endothelial growth factor or VEGFA promotes angiogenesis and the gene that encodes this factor can generate different angiogenic isoforms that are generally referred to as “VEGFAxxx” where xxx refers to the number of amino acids present in the protein. According to this, each isoform has a different half-life and activates various signaling pathways (Figure 1H).

The angiogenic isoforms VEGFA121, VEGFA145, VEGFA148, VEGFA165 and VEGFA206 are normally expressed in cells but they show a certain ratio with the anti-angiogenic isoforms (VEGFA121b, VEGFA145b, VEGFA148b, VEGFA165b, VEGFA206b), so the regulation of their expression is essential for the correct functioning of the tissue (39). However, in PCa cell lines it has been found that the ratio between these pro-angiogenic and anti-angiogenic isoforms is affected and expression tends to be enhanced for the pro-angiogenic isoforms (40). As in the case of the androgen receptor (AR), this change in isoform regulation is not related to a mutation in the VEGFA gene so far, but it is the dysregulation of the SRSF1 factor that mainly increases the expression of VEGFA121 and decreases the isoform with the best anti-angiogenic potential (41).





5 Concluding remarks

Alternative splicing has a key role in the physiology of prostate cancer. In the near future, it will be interesting to direct our efforts to connect the molecular evidence with the cellular behavior that prevails in the context of prostate cancer. This landscape could help us to properly develop new tools to innovate diagnostic and therapeutic tools in order to improve the outcome for cancer patients. The possibility to monitor splicing events in liquid biopsies would be a non-invasive tool for cancer diagnosis, while RNA molecules designed with therapeutic applications is now a reality. With all this in mind, we hope that alternative splicing modulation will become an alternative for prostate cancer patients.
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Background and aims

Impaired double strand DNA repair by homologous repair deficiency (HRD) leads to sensitivity to poly ADP ribose polymerase (PARP) inhibition. A subset of non-small cell lung cancers (NSCLCs) harbour impaired DNA double strand break repair. This study aims to investigate meta-analysis on the olaparib monotherapy or combination therapy in lung cancer.





Methods

A comprehensive search was conducted in Pubmed, Scopus and Google Scholar data bases up to August 13, 2023 related articles were extracted title, abstract and full text of articles were screened. The quality included articles were assessing the data was extracted and hence analysis.





Results

After screening 5208 articles, 9 were selected for final review based on relevance to the topic. Olaparib monotherapy increased progression free survival (PFS) level [ES= 7.76; 95% CI= 0.16 to 1.36; P=0.208]. Olaparib maintenance therapy increased PFS compared to placebo in platinum-sensitive NSCLC patients [ES= 0.9; 95% CI= 0.9 to 0.9]. Combination therapy with durvalumab and olaparib decreased PFS level compared to the olaparib group [ES=6.07; 95% confidence interval (95% CI) = 0.67 to 11.46; P=0.000]. Adding gefitinib to olaparib decreased PFS compared to olaparib only group, significantly (ES=3.39; 95% CI=-0.78 to 7.56; P=0.609).





Conclusions

Our study demonstrated olaparib as monotherapy can increase the PFS of patients with lung cancer, but the combination of olaparib and gefitinib or the combination of olaparib plus durvalumab couldn’t have a significant effect. According to the high heterogeneous rate of studies further large-scale randomized control trials are still required to progress association.





Systematic Review Registration

Open Science Framework (OSF).





Keywords: olaparib, lung cancer, NSCLCs, gefitinib, durvalumab




1 Introduction

Lung cancer remains the most common cancer site in men, accounting for 17% of all new cancer diagnoses and a staggering 23% of cancer-related deaths (1). The vast majority of lung cancers, approximately 80-85%, are classified as non-small cell lung cancer (NSCLC), which encompasses several histological subtypes including squamous cell carcinoma, adenocarcinoma, and large-cell carcinoma (2). Also, small cell lung cancer (SCLC) ranks as the sixth most common cause of cancer-related deaths, contributing to approximately 13–15% of all lung cancer cases (3, 4).

Poly (ADP-ribose) polymerase (PARP) enzymes constitute a family of nuclear enzymes that are responsible for identifying and repairing single-strand breaks in DNA (5–7). The primary function of PARP involves the poly-ADP ribosylation of essential chromatin components and various proteins that are integral to the DNA repair process (8). PARP1, in particular, has the ability to relax chromatin structure, thereby allowing DNA repair factors to access the damaged sites more effectively (9). Given the crucial role of PARP enzymes in DNA repair, PARP inhibitors have emerged as a promising avenue of research for the treatment of lung cancer, particularly NSCLC (10). In a study conducted by Byers et al. in 2012, it was found that SCLC cell lines exhibited significantly higher levels of PARP1 protein expression compared to NSCLC lines (11).

Numerous preclinical investigations have suggested that PARP inhibitors possess the ability to heighten the sensitivity of SCLC cells to a range of chemotherapeutic agents (12). Byers et al. were the first to report that incorporating olaparib into the standard chemotherapy regimen of cisplatin and etoposide enhanced the anti-tumor effects in SCLC (11). As another illustrative example, research conducted by Murai et al. revealed that the PARP inhibitor talazoparib enhances the cytotoxic effects of the DNA-alkylating agent temozolomide in cancer cells (12). Lallo et al. demonstrated that combining the PARP inhibitor (Olaparib) with the Wee1 kinase inhibitor (adavosertib) significantly enhances the effectiveness of olaparib as a single agent in patient-derived xenografts of SCLC (13). Additionally, an abstract study by Gay et al. highlighted a synergistic effect between an ataxia telangiectasia and Rad3 related (ATR) kinase inhibitor and olaparib, which resulted in increased cytotoxicity in SCLC cell lines. Collectively, these findings underscore the potential of a combinatorial approach as a promising therapeutic strategy for integrating PARP inhibitors into the treatment of SCLC (14).

But in clinical studies, a case report by Lin in 2024 presents a novel treatment approach involving the combination of osimertinib and olaparib for the management of concurrent lung and ovarian cancers. The authors describe two potential treatment approaches with this combination: an alternating schedule or a short-term concurrent administration (15). Maintenance therapy with the combination of durvalumab and olaparib in patients with metastatic NSCLC couldn’t demonstrate a statistically significant improvement in progression free survival (PFS) compared to durvalumab monotherapy; The length of time during and after the treatment of a disease, such as cancer, that a patient lives with the disease but it doesn’t get worse. However, a numerical improvement in PFS was observed with the combination regimen (16, 17). The results from a study by Fennell in 2022 indicate that while the primary endpoint of PFS was numerically longer in the olaparib treatment arm compared to the control group, this difference couldn’t meet the threshold for statistical significance. This suggests that PARP inhibitor monotherapy olaparib, may have the potential to achieve meaningful tumor control in chemosensitive NSCLC patients (18). Reduced levels of BRCA1 mRNA have been associated with longer PFS in patients with EGFR-mutant NSCLC treated with erlotinib. Given that PARP inhibitors may diminish or inhibit BRCA1 expression, combining olaparib with gefitinib could potentially enhance outcomes for patients with advanced EGFR-mutant NSCLC. However, the study conducted by Garcia-Campelo et al. didn’t show a significant advantage from the combination treatment of gefitinib and olaparib (19).

To the best of our knowledge for the first time, this meta-analysis aims to association between olaparib monotherapy and combination therapy with other agents like durvalumab for lung cancer.




2 Methods

In this systematic review and meta-analysis, we intended to specify the treatment of lung cancer by olaparib as monotherapy to combination of olaparib plus gefitinib, and combination of olaparib plus durvalumab. Our methodology cohere to the PROSPERO guidelines (International Prospective Register of Systematic Reviews). The research protocol of this review was registered to Open Science Framework (OSF) (https://api.osf.io/v2/nodes/3748c/?version=2.20).



2.1 Search strategy

An advanced literature search was performed up to August 13, 2023 to replevy applicable articles from following databases: Pubmed, Scopus and Google Scholar. The search strategy contained four main subgroups of keywords. The subgroups involved terms related to lung cancer, olaparib for monotherapy, gefitinib and durvalumab for combination therapy, as well. The subgroups were collaborated using the ‘AND’ operator, and no restrictions were applied concerning the date, publication type, or language. The search strategy was adjusted according to the format of query for each database. To make sure all the related articles were included, we screened the reference lists of applicable systematic reviews and included studies that were obtainable in our study. All steps were independently performed by two reviewers, and any controversy were resolved through discussion between the reviewers.




2.2 Inclusion and exclusion criteria

The following criteria were considered in order to select the papers for our meta-analysis study:

	Observational methodology (in order to exclude the invalidate effect of any intervention).

	The main goal was to compare olaparib as monotherapy to combination of olaparib plus gefitinib, and combination of olaparib plus durvalumab.

	Study population consisted of patients suffering from lung cancer.



Studies that used other types of methodology, were executed on animal models, or were performed in cellular and molecular level, and commentary or editorial ones were excluded, and studies including interventional and observational methods plus systematic reviews were included.




2.3 Data extraction and quality assessment

Two independent reviewers appraised each study’s title and abstract to dispose its suitability for inclusion in this meta-analysis. Studies that didn’t fulfill our criteria were excluded. The full texts of the existing studies were screened and suitable studies entered the data extraction process. Afterwards, the following items were derived for extraction in four sets: 1. Study characteristics (i.e. authors, year,location, and type of study); 2. patient-specific factors (i.e. the eligibility criteria for patients suffering lung cancer); 3. Study Design (i.e. number of participants, method and period of drug administration, proper follow-up of the patients, technique used to evaluate the patients’ response to relative therapies); 4. Outcomes (i.e. progression free survival of the patients). Then, our reviewer used the critical appraisal checklists for Randomized Control Trial studies developed by the Joanna Briggs Institute (JBI) (https://jbi.global/critical-appraisal-tools). Another author assisted in the process in case of disparity.




2.5 Statistical analysis

We used STATA 13.1 software, developed by StataCorp LP in College Station, TX, USA, for our data analysis. Results were reported as pooled odds ratios (ORs) with a 95% confidence interval, visualized in a forest plot. We evaluated heterogeneity among the eligible studies using the I2 statistic (20) and used the random effects model when significant heterogeneity was detected (I2 > 50%) (21). Furthermore, we organized a sensitivity analysis and no paper was excluded. Finally, to explore the potential for publication bias, we applied visual inspection of funnel plot symmetry and Egger’s regression analysis (22).





3 Results



3.1 Study selection

After searching in (PubMed, Google Scholar, and Scopus) databases total of 5208 number articles were obtained, and 512 duplicates were Removed. After reviewing the title & abstract screening 174 studies remained. The final review includes 9 articles of the final full-text results, the rest of which had unrelated data were deleted. The study selection process is outlined in Figure 1.




Figure 1 | PRISMA flow diagram for current systematic.






3.2 Study characteristics

A summary of the included studies is given in Table 1. The trial characteristics of the eight included studies are summarized in the table below. Briefly, the trials were published between 2020 and 2023 and included 595 participants in RCTs (226 in the olaparib monotherapy group and 369 participants in the combination therapy group). The mean age of participants ranged from 36 to 89 years. The intervention duration in all RCTs was 0.3-67.1 weeks for olaparib and 4.0-63.0 weeks for durvalumab, and the dose administered ranged from 200 mg BID to 300mg BID (200mg TDS) for olaparib and 1500 mg IV for durvalumab or 250mg gefitinib. The included studies were from the UK, USA Spain, Korea, China, And France countries.


Table 1 | Characteristics of included studies.






3.3 Meta-analysis

WMD levels were reported in 7 included studies (Figure 1). Compared to baseline, olaparib monotherapy increased PFS level [ES= 7.76; 95% CI= 0.16 to 1.36; P=0.208]; however, between-study heterogeneity was reported low (I2 = 30.2%). Olaparib maintenance therapy increased PFS compared to placebo in platinum-sensitive NSCLC patients [ES= 0.9; 95% CI= 0.9 to 0.9]. Also, the obtained results indicate that olaparib as maintenance treatment, both in the form of BD [ES= 1.20; 95% CI= -0.01 to 2.41] and in the form of TDS [ES= 1.10; 95% CI= -0.24 to 2.44], in patients with chemosensitive SCLC didn’t create a statistically significant difference in improving PFS or OS, and more studies are needed in this regard (Figure 2A).




Figure 2 | (A) Forrest plot of olaparib monotherapy. (B) Forrest plot of olaparib and durvalumab combination therapy. (C) Forrest plot of olaparib and gefitinib combination therapy.



Using olaparib, either alone or in combination with ceralasertib, couldn’t achieve the predefined efficacy endpoint. Nevertheless, there was a noticeable increase in disease stabilization within the combination treatment group. To enhance efficacy, further exploration of olaparib in SCLC is warranted [ES= -1.50; 95% CI= -3.30 to 0.30].

Although between-study heterogeneity was high (I2 = 89.2%), combination therapy with durvalumab and olaparib decreased PFS level compared to the olaparib group according to 3 studies [ES=6.07; 95% confidence interval (95% CI) = 0.67 to 11.46; P=0.000] (Figure 2B).

The effect of combination therapy with gefitinib and olaparib on PFS was reported in 2 studies. Adding gefitinib to olaparib decreased PFS compared to olaparib only group, significantly (ES=3.39; 95% CI=-0.78 to 7.56; P=0.609); however, between-study heterogeneity was low (I2 = 0.0%; Figure 2C).




3.4 Risk of bias of included studies

The methodological quality of included studies was assessed using the JBI tool. All of the studies demonstrated excellent quality. Funnel plot was symmetric with pseudo 95% confidence limits and the study was not biased.





4 Discussion

This meta-analysis investigated the efficacy of olaparib in NSCLC. A total of 518 patients from seven studies were included. Olaparib demonstrated a significant improvement in PFS when administered as a monotherapy. However, due to limited data, the efficacy of olaparib in combination with gefitinib or durvalumab for NSCLC remains inconclusive. Further research is warranted to elucidate the potential benefits of these therapeutic regimens.

While clinically approved PARP inhibitors — including olaparib, niraparib, rucaparib, talazoparib, and veliparib — demonstrably block PARP1 and PARP2 with similar efficacy, their capacity to induce PARP trapping varies significantly. These disparities in trapping potency are considered a key factor underlying the differing dosage guidelines for these agents, as heightened PARP trapping correlates strongly with severe myelosuppressive effects (30, 31).

In 2018, olaparib gained approval for treating BRCA-mutated HER2-negative metastatic breast cancer. This progress continued with its approval for pancreatic cancer in 2019 and metastatic castrate-resistant prostate cancer in 2021 (32).

A randomized trial of 91 patients with EGFR-mutant NSCLC evaluated the impact of BRCA1 mRNA expression on PFS when treated with olaparib plus gefitinib or gefitinib alone. Patients with high BRCA1 mRNA expression exhibited significantly longer PFS in the combination group (12.9 months) compared to the gefitinib-only group (9.2 months). This effect was more pronounced in patients with high BRCA1 levels. Conversely, patients with low BRCA1 levels had longer PFS when treated with gefitinib alone. Additionally, low CTLp mRNA levels, a subtype of BRCA1 C complexes, were associated with prolonged PFS in EGFR-mutant patients receiving olaparib plus gefitinib (29).

The GOAL study, a randomized, phase IB/II trial, evaluated the efficacy of olaparib combined with gefitinib compared to gefitinib alone in 182 patients with EGFR-mutant NSCLC. While the combination group demonstrated higher response rates and longer durations of response, there was no significant difference in median PFS between the two groups (10.9 months vs. 12.8 months). Previous research has linked low BRCA1 mRNA levels to improved PFS in patients with EGFR-mutant NSCLC treated with erlotinib (19). It is hypothesized that adding olaparib to gefitinib might enhance treatment outcomes in EGFR-mutant advanced NSCLC by inhibiting BRCA1 expression (19, 29).

The PIPSeN trial, a phase 2 randomized study, investigated the use of maintenance olaparib in 60 patients with platinum-sensitive NSCLC. While patients in the olaparib group experienced a slightly longer median PFS (2.9 months) compared to the placebo group (2 months), there was no significant difference in overall survival (OS) between the two groups (9.4 months vs. 9.5 months). Due to early termination, this study was underpowered to detect significant differences. Platinum sensitivity is a biomarker associated with PARP inhibitor sensitivity. Therefore, evaluating olaparib in platinum-sensitive advanced NSCLC patients as a PARP inhibitor is warranted (18).

The MEDIOLA study, an open-label, phase 1/2 basket trial, evaluated the efficacy of olaparib plus durvalumab in relapsed SCLC. Although 40 patients were enrolled, only 38 were assessed for efficacy. The prespecified target of a 12-week disease control rate (DCR) was not met. However, in the pretreated SCLC population, median overall survival (OS) was promising. Given the potential for PARP inhibitors to enhance antitumor activity and the potential synergy with immune checkpoint inhibitors, further exploration of this combination in relapsed platinum-sensitive SCLC is warranted (24).

The TRIDENT trial, a single-arm, phase 2 study, evaluated the efficacy of olaparib plus Durvalumab as maintenance therapy in patients with extensive-stage (ES)-SCLC who had received first-line treatment with Durvalumab plus chemotherapy. The combination demonstrated promising antitumor activity without any new safety concerns. PARP inhibitors are known to modify tumor immunogenicity, exhibit antitumor activity, and can increase sensitivity to anti-PD-1/PD-L1 therapies. These characteristics suggest that PARP inhibitors may be valuable in combination with immune checkpoint inhibitors like durvalumab for ES-SCLC patients (33).

In an expansion cohort of a phase II study, the combination of olaparib plus durvalumab was evaluated in 15 patients with advanced, previously treated NSCLC. While a modest efficacy was observed overall, patients with high PD-L1 expression (>50%) and prior immune checkpoint inhibitor (ICI) therapy demonstrated a trend towards longer PFS, although this difference was not statistically significant. Preclinical research suggests that PARP inhibitors can potentially enhance the response to ICIs due to their immunostimulatory effects (23).

A study conducted by Thomas et al. found that combining PARP inhibitors with durvalumab immunotherapy could lead to a notable increase in PFS (over 5 months); however, the result wasn’t statistically significant (34). A comparable study was carried out four years later by Krebs et al., which found that combining PARP inhibitors with durvalumab immunotherapy showed no significant difference in OS and PFS, with median values of 2.4 and 7.6, respectively, when compared to other therapy combinations (24).

Unlike breast or ovarian cancer, which have a relatively high BRCA mutation rate, BRCA mutations in SCLC were found in less than 3% of the population (35). A promising method for selecting suitable SCLC patients for PARP inhibitors therapy involves the measurement of biomarkers. Among the most extensively studied is SLFN11, a biomarker whose expression levels are linked to sensitivity to DNA-damaging therapies. SLFN11 is a DNA or RNA helicase that is recruited to stalled replication forks when single-strand breaks or double-strand breaks occur during the intra-S phase checkpoint. It plays a key role by disrupting homologous recombination repair, which leads to cell cycle arrest and eventually cell death (36). Higher levels of SLFN11 have been linked to increased sensitivity to DNA-damaging chemotherapies, including PARP inhibitors, leading to improved PFS and OS in triple-negative breast cancer (37). Conversely, the absence or low expression of SLFN11 has been associated with resistance to various DNA-damaging agents, including platinum-based drugs and PARP inhibitors (38). SLFN11 was found to be significantly overexpressed, even more so than in non-small cell lung cancer, making it a potential biomarker for predicting response to PARP inhibitors in SCLC (39). Another potential marker for predicting sensitivity to PARP inhibitors is E-Cadherin. When combined with LDH measurement, it may assist in patient stratification and provide insights into the overall prognosis of SCLC patients (40, 41). However, further research is required to validate these markers and identify new ones with greater predictive value.

The reduced efficacy of combination therapy relative to monotherapy may stem from several mechanisms. First, excessive DNA damage induction that in it, combining PARP inhibitors (e.g., olaparib) with chemotherapy or radiation can exceed cellular repair capacities, causing indiscriminate cell death in both cancerous and healthy tissues. The clinical development of PARP inhibitor and platinum-based drug combinations faces complexities due to shared toxicity profiles, notably myelosuppression. A critical limitation of this approach lies in its narrow therapeutic window, stemming from the non-selective impact of both agents on healthy tissues, which exacerbates chemotherapy-induced toxicities; As happened in the BROCADE3 trial, adverse events led to study drug discontinuation (30, 42, 43). Second issue is unintended pathway activation that in it, Pairing PARP inhibitors with other DNA-damaging therapies may trigger alternative repair mechanisms (e.g., non-homologous end joining), circumventing the targeted cell death mechanism (synthetic lethality). Combining PARP inhibitors with tumor-infiltrating lymphocytes — harvested from tumors and cultured outside the body — may offer a viable therapeutic strategy for triple-negative breast cancer. Nevertheless, studies indicate that PARP inhibitors use may inadvertently increase PD-L1 levels, amplifying immunosuppressive mechanisms within the tumor microenvironment (44).

Pharmacokinetic interactions may further complicate combination approaches. For instance, olaparib is primarily processed through the CYP3A4/5 enzymatic pathway, meaning drugs that boost CYP3A activity lower plasma concentrations of olaparib, whereas CYP3A inhibitors elevate drug exposure. Additionally, overlapping toxicities may pose some challenges; PARP inhibitors (associated with blood cell deficiencies and fatigue) interact adversely with chemotherapies (e.g., drugs causing bone marrow suppression) or immunotherapies (e.g., liver toxicity from checkpoint inhibitors), often requiring dose reductions that undermine therapeutic efficacy. In patients with previously untreated metastatic nonsquamous NSCLC lacking actionable genetic mutations, the combination of pembrolizumab and maintenance olaparib showed no significant improvement in PFS or OS when compared to pembrolizumab paired with pemetrexed-based chemotherapy (45, 46).

Designing clinical trials for PARP inhibitor-chemotherapy combinations involves navigating variables such as drug characteristics (e.g., pharmacokinetics), combination partners, dosing protocols, target patient groups, and evolving regulatory standards. For instance, the FDA’s approval of cisplatin/paclitaxel/bevacizumab hindered veliparib-based regimen development. Regulatory approval requires demonstrating the combination’s superiority over individual agents, supported by robust preclinical evidence. Success demands sustained collaboration among researchers, sponsors, and patients, along with flexibility to adapt to shifting clinical environments (42).

This study presents a comprehensive analysis of three different treatment regimens for lung cancer: olaparib monotherapy, olaparib plus gefitinib, and olaparib plus durvalumab. As the first systematic review and meta-analysis on this topic, our findings provide a valuable initial assessment. Future research is warranted to further investigate the efficacy and safety of these regimens, both individually and in combination. Because of the few results have been obtained, it isn’t possible to give a definitive opinion; Therefore, it is necessary to do more studies. While our study is the first of its kind, it is limited by the relatively small number of studies available and the lack of significant improvements in PFS with the current combination therapies. Despite these limitations, the findings can be extrapolated to other populations.




5 Conclusion and implications

Combining PARP inhibitors with chemotherapy represents an emerging yet complex strategy aimed at amplifying the anticancer efficacy of both therapies, potentially broadening their use to more patients. Our analysis demonstrated that olaparib monotherapy can improve PFS in patients with lung cancer. However, we couldn’t find significant benefits with the combination of olaparib and gefitinib or olaparib and durvalumab. Given the heterogeneity and limited number of studies, larger and more robust trials are needed to evaluate the efficacy of these regimens in improving PFS and treating lung cancer. Despite the success of PARP inhibitors in cancers with DNA repair defects, personalized patient selection remains crucial. Advances in multi-omics and ongoing clinical trials are poised to address these challenges, enabling tailored therapies and improved resistance management in the near future.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding author.





Author contributions

SH: Writing – original draft. EE: Writing – original draft. SZ: Writing – original draft. PJ: Writing – review & editing. MS: Writing – review & editing. SK: Writing – review & editing. MG: Writing – review & editing. MB: Writing – review & editing. GE: Writing – original draft. ND: Writing – review & editing.





Funding

The author(s) declare that no financial support was received for the research and/or publication of this article.




Acknowledgments

We appreciate all authors of included studies.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

1. Jemal, A, Bray, F, Center, MM, Ferlay, J, Ward, E, Forman, D, et al. Global cancer statistics. CA Cancer J Clin. (2011) 61:69–90. doi: 10.3322/caac.20107

2. Sun, S, Schiller, JH, Spinola, M, and Minna, JD. New molecularly targeted therapies for lung cancer. J Clin Invest. (2007) 117:2740–50. doi: 10.1172/JCI31809

3. Govindan, R, Page, N, Morgensztern, D, Read, W, Tierney, R, Vlahiotis, A, et al. Changing epidemiology of small-cell lung cancer in the United States over the last 30 years: analysis of the surveillance, epidemiologic, and end results database. J Clin Oncol. (2006) 24:4539–44. doi: 10.1200/JCO.2005.04.4859

4. GBD 2017 Causes of Death Collaborators, Roth, GA, Abate, D, Abate, KH, Abay, SM, Abbafati, C, et al. Global, regional, and national age-sex-specific mortality for 282 causes of death in 195 countries and territories, 1980-2017: a systematic analysis for the Global Burden of Disease Study 2017. Lancet. (2018) 392:1736–88. doi: 10.1016/S0140-6736(18)32203-7

5. Slade, D. PARP and PARG inhibitors in cancer treatment. Genes Dev. (2020) 34:360–94. doi: 10.1101/gad.334516.119

6. D’Andrea, AD. Mechanisms of PARP inhibitor sensitivity and resistance. DNA Repair (Amst). (2018) 71:172–6. doi: 10.1016/j.dnarep.2018.08.021

7. Wang, Y, Luo, W, and Wang, Y. PARP-1 and its associated nucleases in DNA damage response. DNA Repair (Amst). (2019) 81:102651. doi: 10.1016/j.dnarep.2019.102651

8. Dantzer, F, Ame, JC, Schreiber, VR, Nakamura, J, Nissier‐DE Murcia, JME, and Murcia, GDE. Poly(ADP-ribose) polymerase-1 activation during DNA damage and repair. Methods Enzymol. (2006) 409:493–510. doi: 10.1016/S0076-6879(05)09029-4

9. Huber, A, Bai, P, de Murcia, JM, and de Murcia, G. PARP-1, PARP-2 and ATM in the DNA damage response: functional synergy in mouse development. DNA Repair (Amst). (2004) 3:1103–8. doi: 10.1016/j.dnarep.2004.06.002

10. Levra, MG, Olaussen, KA, Novello, S, and Soria, J-C. PARP inhibitors: an interesting pathway also for non-small cell lung cancer? Curr Pharm Des. (2014) 20:3875–82. doi: 10.2174/13816128113196660765

11. Byers, LA, Wang, J, Nilsson, MB, Fujimoto, J, Saintigny, P, Yordy, J, et al. Proteomic profiling identifies dysregulated pathways in small cell lung cancer and novel therapeutic targets including PARP1. Cancer Discovery. (2012) 2:798–811. doi: 10.1158/2159-8290.CD-12-0112

12. Lok, BH, Gardner, EE, Schneeberger, VE, Ni, A, Desmeules, P, Rekhtman, N, et al. PARP inhibitor activity correlates with SLFN11 expression and demonstrates synergy with temozolomide in small cell lung cancer. Clin Cancer Res. (2017) 23:523–35. doi: 10.1158/1078-0432.CCR-16-1040

13. Lallo, A, Frese, KK, Morrow, CJ, Sloane, R, Gulati, S, Schenk, MW, et al. The combination of the PARP inhibitor olaparib and the WEE1 inhibitor AZD1775 as a new therapeutic option for small cell lung cancer. Clin Cancer Res. (2018) 24:5153–64. doi: 10.1158/1078-0432.CCR-17-2805

14. Gay, CM, Tong, P, Li, L, Stewart, CA, Sen, T, and Glisson, BS. Abstract 2822: ATR inhibitors are active as single agents and in combination with PARP1 and ATM inhibitors in molecularly distinct subsets of small cell lung cancer models. Cancer Res. (2018) 78:2822–2. doi: 10.1158/1538-7445.AM2018-2822

15. Lin, J, Welch, S, Sanatani, M, and Ramadan, S. Combination of osimertinib and olaparib therapy to treat non-small cell lung cancer and high-grade serous ovarian carcinoma: A case report. Curr Oncol. (2024) 31:558–65. doi: 10.3390/curroncol31010039

16. Ahn, M-J, Bondarenko, I, Kalinka, E, Cho, BC, Sugawara, S, Gálffy, G, et al. Durvalumab in combination with olaparib versus durvalumab alone as maintenance therapy in metastatic NSCLC: the phase 2 ORION study. J Thorac Oncol. (2023) 18:1594–606. doi: 10.1016/j.jtho.2023.06.013

17.progression-free survival. In: NCI Dictionary of Cancer Terms. United states: National Cancer Institute (2024). Available online at: https://www.cancer.gov/publications/dictionaries/cancer-terms/def/progression-free-survival (Accessed March 2024).

18. Fennell, DA, Porter, C, Lester, J, Danson, S, Blackhall, F, Nicolson, M, et al. Olaparib maintenance versus placebo monotherapy in patients with advanced non-small cell lung cancer (PIN): A multicentre, randomised, controlled, phase 2 trial. EClinicalMedicine. (2022) 52:101595. doi: 10.1016/j.eclinm.2022.101595

19. Garcia-Campelo, R, Arrieta, O, Massuti, B, Rodriguez-Abreu, D, Granados, ALO, Majem, M, et al. Combination of gefitinib and olaparib versus gefitinib alone in EGFR mutant non-small-cell lung cancer (NSCLC): A multicenter, randomized phase II study (GOAL). Lung Cancer. (2020) 150:62–9. doi: 10.1016/j.lungcan.2020.09.018

20. Higgins, JP, and Thompson, SG. Quantifying heterogeneity in a meta-analysis. Stat Med. (2002) 21:1539–58. doi: 10.1002/sim.v21:11

21. DerSimonian, R, and Kacker, R. Random-effects model for meta-analysis of clinical trials: an update. Contemp Clin trials. (2007) 28:105–14. doi: 10.1016/j.cct.2006.04.004

22. Sterne, JA, and Harbord, RM. Funnel plots in meta-analysis. stata J. (2004) 4:127–41. doi: 10.1177/1536867X0400400204

23. Desmond, D, Vilimas, R, Mullenix, C, Zhao, C, Szabo, E, Shelat, M, et al. Durvalumab (D) in combination with olaparib (O) for advanced, previously treated non-small cell lung cancer (NSCLC). J Clin Oncol. (2022) 40:e21153–3. doi: 10.1200/JCO.2022.40.16_suppl.e21153

24. Krebs, MG, Delord, J-P, Evans, TRJ, De Jonge, M, Kim, S-W, Meurer, M, et al. Olaparib and durvalumab in patients with relapsed small cell lung cancer (MEDIOLA): An open-label, multicenter, phase 1/2, basket study. Lung Cancer. (2023) 180:107216. doi: 10.1016/j.lungcan.2023.107216

25. Huang, Y, Jia, J, Wang, Q, Liu, X, and Li, Z. Phase II study of durvalumab plus olaparib as maintenance therapy in extensive-stage small-cell lung cancer (TRIDENT): Preliminary efficacy and safety results. J Clin Oncol. (2023) 41:8518–8. doi: 10.1200/JCO.2023.41.16_suppl.8518

26. Woll, P, Gaunt, P, Danson, S, Steele, N, Ahmed, S, Mulatero, C, et al. Olaparib as maintenance treatment in patients with chemosensitive small cell lung cancer (STOMP): A randomised, double-blind, placebo-controlled phase II trial. Lung Cancer. (2022) 171:26–33. doi: 10.1016/j.lungcan.2022.07.007

27. Postel-Vinay, S, Planchard, D, Antigny, M, Coves Sarto, J, Domine Gomez, M, de las Penas Bataller, R, et al. Olaparib maintenance versus placebo in platinum-sensitive non-small cell lung cancer: the Phase 2 randomized PIPSeN trial. Br J Cancer. (2024) 130:417–24. doi: 10.1038/s41416-023-02514-5

28. Park, S, Kim, YJ, Min, YJ, Mortimer, PGS, Kim, H-J, Smith, SA, et al. Biomarker-driven phase 2 umbrella trial: Clinical efficacy of olaparib monotherapy and combination with ceralasertib (AZD6738) in small cell lung cancer. Cancer. (2024) 130:541–52. doi: 10.1002/cncr.v130.4

29. Karachaliou, N, Arrieta, O, Giménez-Capitán, A, Aldeguer, E, Drozdowskyj, A, Chaib, I, et al. BRCA1 expression and outcome in patients with EGFR-mutant NSCLC treated with gefitinib alone or in combination with olaparib. JTO Clin Res Rep. (2021) 2:100113. doi: 10.1016/j.jtocrr.2020.100113

30. Luo, L, and Keyomarsi, K. PARP inhibitors as single agents and in combination therapy: the most promising treatment strategies in clinical trials for BRCA-mutant ovarian and triple-negative breast cancers. Expert Opin Investig Drugs. (2022) 31:607–31. doi: 10.1080/13543784.2022.2067527

31. Hopkins, TA, Ainsworth, WB, Ellis, PA, Donawho, CK, DiGiammarino, EL, Panchal, SC, et al. PARP1 trapping by PARP inhibitors drives cytotoxicity in both cancer cells and healthy bone marrow. Mol Cancer Res. (2019) 17:409–19. doi: 10.1158/1541-7786.MCR-18-0138

32. Kim, D, and Nam, HJ. PARP inhibitors: clinical limitations and recent attempts to overcome them. Int J Mol Sci. (2022) 23:1–18. doi: 10.3390/ijms23158412

33. Huang, Y, Jia, J, Wang, Q, Liu, X, and Zhang, L. 86P Durvalumab plus olaparib as maintenance therapy in extensive-stage small-cell lung cancer (TRIDENT): Updated efficacy and safety analysis. Immuno-Oncology Technol. (2023) 20:12. doi: 10.1016/j.iotech.2023.100558

34. Thomas, A, Vilimas, R, Trindade, C, Erwin-Cohen, R, Roper, N, Xi, L, et al. Durvalumab in combination with olaparib in patients with relapsed SCLC: results from a phase II study. J Thorac Oncol. (2019) 14:1447–57. doi: 10.1016/j.jtho.2019.04.026

35. George, J, Lim, JS, Jang, SJ, Cun, Y, Ozretic´, L, Kong, G, et al. Comprehensive genomic profiles of small cell lung cancer. Nature. (2015) 524:47–53. doi: 10.1038/nature14664

36. Coleman, N, Zhang, B, Byers, LA, and Yap, TA. The role of Schlafen 11 (SLFN11) as a predictive biomarker for targeting the DNA damage response. Br J Cancer. (2021) 124:857–9. doi: 10.1038/s41416-020-01202-y

37. Coussy, F, El-Botty, R, Château-Joubert, S, Dahmani, A, Montaudon, E, Leboucher, S, et al. BRCAness, SLFN11, and RB1 loss predict response to topoisomerase I inhibitors in triple-negative breast cancers. Sci Transl Med. (2020) 12:1–12. doi: 10.1126/scitranslmed.aax2625

38. Willis, SE, Winkler, C, Roudier, MP, Baird, T, Marco-Casanova, P, Jones, EV, et al. Retrospective analysis of Schlafen11 (SLFN11) to predict the outcomes to therapies affecting the DNA damage response. Br J Cancer. (2021) 125:1666–76. doi: 10.1038/s41416-021-01560-1

39. Venugopala, KN. Targeting the DNA damage response machinery for lung cancer treatment. Pharm (Basel). (2022) 15:1–22. doi: 10.3390/ph15121475

40. Zhang, X, Guoa, M, Fana, J, Lva, Z, Huang, Q, Han, J, et al. Prognostic significance of serum LDH in small cell lung cancer: A systematic review with meta-analysis. Cancer biomark. (2016) 16:415–23. doi: 10.3233/CBM-160580

41. Allison Stewart, C, Tong, P, Cardnell, RJ, Sen, T, Li, L, Gay, CM, et al. Dynamic variations in epithelial-to-mesenchymal transition (EMT), ATM, and SLFN11 govern response to PARP inhibitors and cisplatin in small cell lung cancer. Oncotarget. (2017) 8:28575–87. doi: 10.18632/oncotarget.15338

42. Matulonis, UA, and Monk, BJ. PARP inhibitor and chemotherapy combination trials for the treatment of advanced Malignancies: does a development pathway forward exist? Ann Oncol. (2017) 28:443–7. doi: 10.1093/annonc/mdw697

43. Ayoub, J, Friedlander, ML, Dieras, VC, Wildiers, H, Arun, B, Han, HS, et al. 140O veliparib plus carboplatin-paclitaxel in patients with HER2-negative advanced/metastatic gBRCA-associated breast cancer: results in hormone receptor-positive and triple-negative breast cancer subgroups from the phase III BROCADE3 trial. Ann Oncol. (2020) 31:S65. doi: 10.1016/j.annonc.2020.03.241

44. Jiao, S, Xia, W, Yamaguchi, H, Wei, Y, Chen, M-K, Hsu, JM, et al. PARP inhibitor upregulates PD-L1 expression and enhances cancer-associated immunosuppression. Clin Cancer Res. (2017) 23:3711–20. doi: 10.1158/1078-0432.CCR-16-3215

45. Gray, JE, Schenker, M, Şendur, MAN, Leonova, V, Kowalski, D, Kato, T, et al. The phase 3 KEYLYNK-006 study of pembrolizumab plus olaparib versus pembrolizumab plus pemetrexed as maintenance therapy for metastatic nonsquamous NSCLC. J Thorac Oncol. (2025) 20:219–32. doi: 10.1016/j.jtho.2024.10.026

46. Paller, CJ, Bradbury, PA, Ivy, SP, Seymour, L, LoRusso, PM, Baker, L, et al. Design of phase I combination trials: recommendations of the Clinical Trial Design Task Force of the NCI Investigational Drug Steering Committee. Clin Cancer Res. (2014) 20:4210–7. doi: 10.1158/1078-0432.CCR-14-0521




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Hajihosseini, Emami, Zakavi, Jochin, Shahrokhi, Khoshravesh, Goli, Belbasi, Erabi and Deravi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




[image: image]


OPS/images/fonc.2024.1335344/table4.jpg
Reference manual for the ODAH.
- Extravasation kit.
- Spill kit.
- Emergency Kkit.
- Venepuncture material.
- Medical prescription.
Computer or similar for informatic
access.
Material for waste management.
Sphygmomanometer, pulse oximeter,
and stethoscope.
Temperature-controlled box for dug
transport.
- Basic life support.

- Endovenous catheter.
10cc saline solution injections (pre-filled
or not).
Sterile gauzes and dressings, antiseptic,
absorbent towel.
Container for sharp objects.
- Port-a-catch needle.
- Catheter Abbocath No. 22.

- Adhesive skin sutures.
Sodium heparin for catheter flushing.
Healing material for peripheral

venous catheter.

For venous cannulation

Protection material (gloves, mask,
disposable gown, glasses).
- Container group IV.

Visiting HCPs equipment

Hermetic refrigerator for transport of
cytostatic drugs.
- Container for cytostatic drugs.
- Emergency kit.
- Infusion pumps.
Container group IV and for
sharp objects.

Vehicle equipment

- Electrocardiogram.
- Pulse oximeter.
Automated external defibrillator (AED).
Necessary equipment for sample
collection and analysis.

Diagnosis material
(HBH Service)

- Oxygen therapy.
- Aerosol therapy.
Elastomeric and perfusion pumps.
Transfusions of blood components.
Material for ostomy and tracheostomy
management.
Mechanical ventilation instruments
(BiPAP, CPAP).
Digit puncture for measurement of INR.
Material for enteral or invasive nutrition.
- Surgical drainages.

- Bladder catheterization.
Replacements of probes and cannulas.
Negative pressure therapy treatments.

- Advanced life support.

Additional therapeutic material
(HBH Service)

AED, Automated external defibrillator; BiPAP, Bi-level Positive Airway Pressure; CPAP,
Continuous Positive Airway Pressure; HBH, home-based hospitalization; HCPs, healthcare

professionals; INR, international normalized ratio.
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Section 1. Clinical and healthcare issues

Question

1. Which
drugs are
potentially
suitable for
home
administration?

Question

1A. Related to drug/therapy

Recommendations

Recommendation 1.1: ODAH should be limited to
parenterally administered drugs (intravenous, intramuscular,
or subcutaneous) using electric infusers or elastomeric devices
in increasing or decreasing doses. Caregivers should be
trained to detect incidents during prolonged infusions, and
healthcare personnel should be available if needed.
Recommendation 1.2: Drug administration schedule (e.g.,
daily, weekly, twice per week) and complete duration of
treatment (number of cycles) should be considered, but not
discriminatory.

Recommendation 1.3: Drug administration should take less
than 2 hours, including all the steps in the treatment scheme
except analytical controls (e.g., previous clinical controls,
premedication, drug administration, cleaning and hydration,
and aftercare). Longer procedures may be individually
considered.

Recommendation 1.4: The drug safety profile should be
predictable and manageable, and the dispensed drug must not
frequently cause pain or infusion-related adverse reactions.
Recommendation 1.5: Clinical and analytical controls should
be easily performed before administration at the patient’s
home, and the results should be available for treatment
validation (Pharmacy Service).

Recommendation 1.6: Drug quality has to be maintained
during production, transport, and at-home administration.

1B. Related to patients

Recommendations

2. What
profile of
patients would
benefit from
oncology
treatment
administered
at home?

Question

Recommendation 2.1: It is recommended to initiate the first
infusion in the hospital to monitor the adverse reactions such
as allergies or anaphylaxis.

Recommendation 2.2: Standardized patient selection criteria
should be established to ensure safe home-administered
oncologic therapies. However, individual characteristics of
each patient should also be considered.

Recommendation 2.3: A multidisciplinary committee should
be responsible for regularly reviewing and revising inclusion
and exclusion criteria. An internal procedure should also be
established for the rapid assessment and periodic revisions.

1C. Related to healthcare settings

Recommendations

3. How
ODAH would
compromise the
efficacy, safety,
and quality of
life of

systemic
treatments?

4. What kind
of education,
accreditation
or training
should receive
the

HCPs involved?

5. What kind
of controls
should

be performed?

6. What
would be the
minimum
instruments,
apparatus or
equipment
required?

7. Which
aspects should
be considered
for

drug
preparation?

Recommendation 3.1: Complying with inclusion criteria is
crucial for the safe and effective administration of oncology
treatment at home.

Recommendation 3.2: Standardized protocols and digital
platforms utilized in day hospital units can mitigate risks and
promote safety for patients and HCPs during validation,
preparation, dispensing, and administration.
Recommendation 3.3: Drugs that may jeopardize patient
safety, quality of life, or treatment efficacy must not

be permitted.

Recommendation 4.1: HCPs involved in ODAH programs
require knowledge and experience in drug administration and
patient care, along with the ability to coordinate and
communicate with various levels of care, both within hospital
and territory.

Recommendation 4.2: Nurses responsible for ODAH require
training in early detection and management of adverse events,
extravasations, spills, antineoplastic treatment administration,
and home hospitalization. Also, they should have a minimum
experience and capacitation according to the particular needs.
Recommendation 4.3: The staff involved should receive

adequate training to identify socio-family problems and
environments that may not be suitable for
administering treatment.

Recommendation 5.1: A consensus manual is essential and
should include pre-, during, and post-treatment instructions,
signs/symptoms to watch for, transport, handling, disposal of
medication and materials, and procedures for responding to
adverse reactions, extravasations, spills, or incidents with the
central/peripheral venous catheter.

Recommendation 5.2: The HaH Service is the responsible of
performing the controls during the ODAH procedure (before,
during and after administration). These controls should be
adequate to patients, their environment, and the administered
drug.

Recommendation 5.3: The ODAH schedule should be verified
by at least two HCPs, especially the infusion rate of

the pumps.

Recommendation 6.1: It is essential to provide a reference
manual detailing procedure.

Recommendation 6.2: Ensure proper disposal of essential and
additional materials, as well as biological waste by

providing containers.

Recommendation 7.1: The chemotherapy should be prepared
in the Pharmacy Service following hospital center safety
procedures, labelled for home administration.
Recommendation 7.2: The risk of exposure to HCPs
administering the treatment, patients or caregivers should be
minimal. Therefore, treatments must be prepared and
conditioned in sterile class II biosafety cabinet; intravenous
drugs must be prepared in closed transfer systems and, if
possible, will be dispensed with the closed system infusion set
purged with the compatible serum; for subcutaneous or
intramuscular drugs the syringes will be loaded with safety
anti-reflux caps.

Recommendation 7.3: Once at patient home, the material
should be prepared on an absorbent towel to prevent any

type of spill.
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Question

Section 2. Logistical and administrative issues

Recommendations

8. To consider the ODAH, what are
the requirements that must be fulfilled
by the oncology department/hospital?

9. When should be considered the
ODAH and for what duration?

10.  How should the telephone for
medical support be implemented?

1. How could be defined the hospital
logistic route?

Recommendation 8.1: ODAH programs require the presence of an interdisciplinary HaH Service in the healthcare centre
formed by experienced HCPs that comply with the healthcare model of each region. At least one of these professionals must
have onco-hematologic training.

Recommendation 8.2: The Pharmacy Service should have an oncology pharmacist with expertise in home healthcare protocols,
a standardized method to manage medical waste, and an electronic health record system or pharmacotherapeutic history. A
teleassistance system or application is also recommended.

Recommendation 8.3: The healthcare center should have a significant volume of treatment, extensive experience in outpatient
administration of antineoplastic drugs, and a well-established home hospitalization program.

Recommendation 8.4: The center should meet the minimum requirements for ensuring quality Service, including maintaining
schedules and providing a simple and comfortable patient journey.

Recommendation 8.5: In the event of unforeseen circumstances requiring a return of the drug, it should be sent back to the
Pharmacy Service.

Recommendation 9.1: Patients can be considered for home-administered chemotherapy from treatment initiation until
discontinuation, with agreement from the patient and their caregiver.

Recommendation 9.2: Acceptance of home-administered chemotherapy does not preclude hospital visits when necessary.
Recommendation 9.3: Discontinuation of home-administered chemotherapy may be decided by the patient/legal
representative, the oncology Service (due to adverse events, disease progression, etc.), or the HaH Service (due to non-
compliance with inclusion criteria or logistical difficulties).

Recommendation 10.1: Medical support telephone should be attended by the oncologist, but internal specialist in HaH Service
will visit and treat the patient at home.

Recommendation 10.2: The communication between Oncology, Pharmacy, and HaH Services must be direct and fluid
throughout the home administration treatment. The involved nurses should have the ability to contact the oncologist directly.

Recommendation 11.1: The HaH, Pharmacy, and Oncology Services should collaborate closely to provide personalized follow-
up for ODAH patients. The HaH Service can also coordinate additional procedures, such as treating infectious complications
or providing transfusion support.

Recommendation 11.2: The HaH Service should maintain a schedule for patients enrolled in the program and coordinate with
the Pharmacy and Oncology Services to ensure proper patient monitoring.

Recommendation 11.3: Medical waste management protocols should be adapted for home settings to ensure the safety of
patients, caregivers, and HCPs. This involves a thermally insulated, airtight, resistant, and well-labelled cytostatic container,
collected upon discharge. The Maintenance Service of the hospital could provide the appropriate container.

Recommendation 11.4: Safety incidents must be reported immediately to healthcare authorities due to the biological hazard of
the drugs administered.
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S1
Hospital administration

COSTS OF S1

Direct costs derived from the stay
in the Day Hospital, medication,
and management of possible
adverse effects. Also, non-health
costs result from the travels to the
hospital.

Indirect costs related to the
patient travels and productivity
lost by the patient or
family/caregivers.

Candidate patients to receive oncologic
treatment at home

BUDGETARY IMPACT

MODEL
(Difference of costs)

S2
Home administration

COSTS OF 82

Direct costs derived from the
travels of a nursing team,
multidisciplinary team application,
means of transport, medication,

and management of possible

adverse effects.
Indirect costs: None

PROMs/PREMs OF S1 < PROMs/PREMs OF S2

PREMs: patient-reported experience measures; PROMs: patient-reported outcomes measures; SC: scenario
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Posology Ad. Premedication

route

15 mg/kg or 600 mg/m’
5-Fluorouracil once a week (initial v None
treatment) *

1.23 mg/m® (days 1 and 8

Eribuli v N
ribuin every 21-day cycle) one
single doses ranged 20-40
Methotrexat IM/SC N
CROMrexale | g (10-20 ml)/m? BSA* o5
240 2 ks (~30
mg/m.:)ei s IV (not
Nivolumab i push None
480 mg/4 weeks (~60
¥ or bolus)
min) *
. 200 mg/3 weeks . .
Pembrolizumab 400 mg/6 weeks v Antiemetics
Pemetrexed 500 mg/m* BSA* v Corticosteroids
Initial dose of 840 mg
Pertuzumab (~60.min) v None

Maintenance dose 420
mg/3 weeks (~30-60 min)

1,5 mg/m2 BSA (over
Trabectidin 24 h, 3-week interval v None
between cycles) *

Dose and regimen depend IV (not
Trastuzumab on indication (weekly or bolus)/ None
3-weekly schedules) SC

BSA, body surface area; EPOCH, etoposide, vincristine, doxorubicin, cyclophosphamide, and
prednisone; IM, intramuscular; IV, intravenous; SC, subcutaneous.

*Dose and regimen may depend on indication, patient’s condition, or previous/
concomitant treatment.
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Inclusion criteria Exclusion criteria

Diagnosis of oncological disease
requiring systemic treatment.

Patient of legal age and with capacity
to make autonomous decisions.

Explicit acceptance of the on-home
administration care resource by the
patient or his/her legal guardian.

Geographical area within the
responsibility of HaH.

Previous administration of medication
in the hospital centre without serious
adverse reactions.

1-3 treatment cycles
without incident.*

General clinical stability with no
evidence of acute
intercurrent conditions.

Mobility problems or severe
functional disability that makes
movement difficult.

Difficulty of the patient to reconcile
work or family life in attending the
Day Hospital.

Comorbidities that make access to the
Day Hospital difficult or inadvisable.

Accompaniment of the patient during
the intervention.

Existence of a trained primary
caregiver and its compliance in case
of disabilities.

Availability for telephone
communication or teleassistance.

Lack of availability or capacity of the
HaH to undertake the procedure.

Severe delayed toxicity associated with
treatment or prior requirement for
medical attention.

Clinical instability that limits
the procedure.

Pharmacological treatments with risk
of drug-drug interaction after assessing
that is a threat to the patient.

Inclusion in a clinical trial.

Patients with risky
behavioural alterations.

Unhealthy or unsanitary conditions
at home.

*The minimum number of cycles it will depend on the selected drug and individual

patient evaluation.
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Time point To check/perform

Before - Clinical state (diagnosis and treatment scheme)
administration - Prescribed medication (antineoplastics, concomitant,
premedication). *
- Patient medical record (allergies, comorbidities, venous
accesses, etc).
- Need of previous medical controls.
- Administration system required.
- Patient’s identity.
- Administration scheme.

During - Assure patient’s identity and administration scheme.
administration - Periodically check the adverse events and administration
route state.
- Clinical and hemodynamic stability.
- Ask about previous tolerance to treatment.
- Give recommendations about toxicity.

After - Venous/cutaneous state (e.g., ensure for no
administration extravasation).
- Healing/catheter registration.
- Ensure the patient understand the recommendations for
toxicities detection.
- Register necessary information in the medical record.
- Adequate medical waste disposal.

*Verification by at least two health-care professionals.
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Prior to administration

The day of administration

After administration

° Evaluation of inclusion criteria fulfillment
e Include the patient in the program and give the
informed consent

e Contact with at-home hospitalization service.
Previous evaluation and acceptance of the patient

o Notice to the Pharmacy Service. Start the registry

Coordination of Oncology and HaH. Visits and calls
scheduling

Coordination of Pharmacy and HaH. Drug-visits
scheduling

Review the protocols for home administration of
cancer therapy (nursing)

Review the clinical and analytical criteria of the
patient

Confirmation by a phone call 30 minutes before the
visit

Confirmation with Pharmacy service the preparation
and send of the treatment (working days) by HH.

@ HOME ADMINISTRATION OF THERAPY
(nursing)

1) Initial assessments (clinical evaluation,
premedication, [V-line verification, etc.)

2) Accommodate the patient to administered the drug

3) Ask the patient about the previous tolerance, assess
their educational needs, and monitor the
administration

4) Finish the treatment and explain the monitoring to
the patient/caregiver, and handle medical waste

5) Give the patient a phone number to call in case of
any problem

Appropriate management of generated medical waste

@ Follow-up controls

@ Digital registration of the administration and record in
clinical history

Incidence alerts. Coordination between HH, Day
Hospital Service, and Urgency Service
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PATIENT PROFILE

Patient with DRUCGHERONILE
i — Short-term HOSPITAL
comorbidities that have o . ¥ )
y . administration . — Region/ascribed
difficulties to go to the . :
— Low incidence of population.

hospital.

. adverse events.
— Impact on the caregiver.

DIFFERENTIAL COSTS
— Health direct costs (related to drug DIFFERENTIAL HEALTH-RELATED
administration). OUTCOMES
— Non-health direct costs (travels, visits — Patient with comorbidities that have
to the hospital). difficulties to go to the hospital.
— Indirect costs (loss of work — Impact on the caregiver.
productivity).

SOCIETAL PERSPECTIVE






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Repurposed drugs targeting cancer signaling pathways: clinical insights to improve oncologic therapies, volume II



		Editorial: Repurposed drugs targeting cancer signaling pathways: clinical insights to improve oncologic therapies, volume II



		Introduction



		Repositioning existing drugs for the treatment of common cancers



		Therapeutic opportunities through drug repositioning in uncommon cancers



		Summary and concluding remarks



		Author contributions



		Acknowledgments



		Conflict of interest



		Generative AI statement









		Sulconazole inhibits PD-1 expression in immune cells and cancer cells malignant phenotype through NF-κB and calcium activity repression



		1 Introduction



		2 Materials and methods



		2.1 PBMCs, T cells and cancer cells culture and PBMCs activation



		2.2 Real-time qPCR



		2.3 Ca2+ mobilization measurement quenching assay



		2.4 JRT3 functional assay



		2.5 Proliferation assay



		2.6 Wound healing assay



		2.7 Immunocytochemistry



		2.8 Flow cytometry analysis



		2.9 Western blotting



		2.10 Tumorigenicity assay



		2.11 Statistical analysis









		3 Results



		3.1 Sulconazole inhibits PD-1 expression in T cells and PBMCs



		3.2 Repression of NF-κB expression and calcium mobilization by sulconazole



		3.3 Functional and survival of Jurkat T cells in the presence of sulconazole



		3.4 Sulconazole inhibits calcium mobilization in cancer cells



		3.5 Sulconazole inhibits cancer cell proliferation and migration



		3.6 Sulconazole inhibits tumor growth in zebrafish









		4 Discussion



		5 Conclusions



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		National expert consensus on home-administered oncologic therapies in Spain



		1 Introduction



		2 Materials and methods



		2.1 Expert selection and panel composition



		2.2 Literature screening and questions formulation



		2.3 Consensus meeting and agreement









		3 Results



		3.1 Section 1: clinical and healthcare issues



		3.1.1 Item A. Related to drug/therapy



		3.1.2 Item B. Related to patients



		3.1.3 Item C. Related to healthcare settings



		3.1.4 Recommendations of the experts panel for the section 1









		3.2 Section 2: logistical and administrative issues



		3.2.1 Recommendations of the experts panel for the section 2.









		3.3 Section 3: economic, social and legal issues



		3.3.1 Recommendations of the experts panel for the section 3.















		4 Conclusions



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Antineoplastic effect of compounds C14 and P8 on TNBC and radioresistant TNBC cells by stabilizing the K-Ras4BG13D/PDE6δ complex



		Introduction



		Methods



		Results



		Discussion



		1 Introduction



		2 Materials and methods



		2.1 In silico docking simulations and molecular dynamics simulations



		2.2 Calculation of binding free energies



		2.3 Cell culture



		2.4 Microscopy assays



		2.5 Sequencing of exon 2 of KRAS gene



		2.6 Wound-healing migration assay



		2.7 Invasion assay



		2.8 Quantitative pseudopodia assay



		2.9 Cell viability assay and IC50 determination



		2.10 Apoptosis assay



		2.11 Clonogenic assay



		2.12 Ras activation assay



		2.13 Western blotting assays



		2.14 Cell cycle analysis



		2.15 Treatment of orthotopic breast carcinoma xenografts



		2.16 Immunohistochemistry assays and digital pathology analysis



		2.17 Statistical analysis









		3 Results



		3.1 P8 stabilizes the K-Ras4BG13D/PDE6δ system more effectively than C14



		3.2 C14 and P8 compounds decrease cellular viability of TNBC cell lines



		3.3 C14 and P8 compounds induce apoptosis in breast cancer cell lines



		3.4 C14 and P8 compounds inhibit colony formation of breast cancer cell line



		3.5 Significant reduction in Ras activation observed in the presence of compounds C14 and P8



		3.6 Compounds C14 and P8 decrease Ras activity and inhibit AKT and ERK phosphorylation in MDA-MB-231 and MDA-MB-231RR cells



		3.7 Radioresistant-related signaling pathway effect and induction of cell cycle arrest in human radioresistant breast cancer cells by compounds



		3.8 Inhibition of tumor growth in a radioresistant breast cancer xenograft mouse model by compounds C14 and P8



		3.9 Inhibition of proliferation and expression of CD31 by compounds C14 and P8 in a radioresistant TNBC mouse model









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Drug repositioning in thyroid cancer: from point mutations to gene fusions



		Introduction



		Classical point mutations in thyroid cancer: windows of opportunity for the use of drug repositioning



		Spotlight of novel therapies: gene fusions



		Conclusions and perspectives



		Author contributions



		Funding



		Conflict of interest



		References









		Age-dependent molecular variations in osteosarcoma: implications for precision oncology across pediatric, adolescent, and adult patients



		Background



		Methods



		Results



		Conclusion



		1 Introduction



		2 Patients and methods



		2.1 Patients and samples



		2.2 Genomic alterations identification



		2.3 Mutational signature analysis



		2.4 Function enrichment analyses



		2.5 Statistical analysis









		3 Results



		3.1 Characterization of osteosarcoma patients



		3.2 Mutational profile of osteosarcomas



		3.3 Comparison of mutation characteristics between pediatric, adolescent and adult osteosarcoma patients



		3.4 Analysis of CNV distribution of osteosarcoma in different age groups



		3.5 Signature analysis



		3.6 Prognosis analysis of osteosarcoma patients



		3.7 Available drug mutations in osteosarcoma









		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Challenges and advances in glioblastoma targeted therapy: the promise of drug repurposing and biomarker exploration



		1 Introduction



		2 RTK pathway inhibitors



		2.1 Epidermal growth factor receptor-targeted agents



		2.2 Platelet-derived growth factor receptor-targeted agents



		2.3 VEGFR-targeted agents



		2.4 Fibroblast growth factor receptor-targeted agents



		2.5 PIK/Akt/mTOR pathway inhibitors



		2.6 Pan-kinase inhibitors









		3 CDK-Rb targeting agents



		4 Repurposing targeted drugs in GB: challenges and solutions



		4.1 Complexity of GB biology



		4.2 Dynamic evolution of the tumor



		4.3 GB microenvironment



		4.3.1 BBB



		4.3.2 Hypoxia



		4.3.3 Acidosis



		4.3.4 Glutathione



		4.3.5 Altered drug mechanism of action















		5 Emerging diagnostic tools: liquid biopsy



		5.1 ctDNA



		5.2 miRNA



		5.3 Extracellular vesicles









		6 Strategies to improve drug delivery to GB



		6.1 Focused ultra-sound



		6.2 Implantable drug-delivery systems



		6.3 Nanoparticles









		7 Conclusions/future directions



		Author contributions



		Funding



		Conflict of interest



		References









		Repurposing of PSMA-targeted diagnostic and therapeutic agents for the detection and treatment of giant cell tumors of bone



		Introduction



		Materials and methods



		Cells



		Immunohistochemistry



		Immunofluorescence staining



		FAM-C6-1298 synthesis



		Fluorescent cell imaging



		Fluorescent co-localization cell imaging



		Ex vivo whole-tissue fluorescence measurements



		Reagents



		Ethical statement



		Statistical analysis









		Results



		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Supplementary material



		References









		Revolutionizing ovarian cancer therapy by drug repositioning for accelerated and cost-effective treatments



		Introduction



		Ovarian cancer



		Etiology of ovarian cancer



		Prognosis of ovarian cancer



		Current therapies for OC treatment



		Drug repositioning for OC treatment









		Repurposed kinase inhibitors



		Model-informed drug repurposing



		Conclusion



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		References









		Repurposing alternative splicing events as potential targets for the design of diagnostic and therapeutic tools in PCa



		1 Introduction



		2 Current tools for PCa diagnosis



		3 Alternative splicing relevance in cancer



		4 Alternative splicing events related to PCa



		4.1 The androgen receptor



		4.2 BCL2L1



		4.3 CCND1



		4.4 CD44 and KLK3



		4.5 FOXA1



		4.6 IGF-I



		4.7 KLF6



		4.8 ERG/TMPRSS2



		4.9 Nuclear factor Y



		4.10 VEGFA









		5 Concluding remarks



		Author contributions



		Funding



		Conflict of interest



		Generative AI statement



		References









		Olaparib monotherapy or combination therapy in lung cancer: an updated systematic review and meta- analysis



		Background and aims



		Methods



		Results



		Conclusions



		Systematic Review Registration



		1 Introduction



		2 Methods



		2.1 Search strategy



		2.2 Inclusion and exclusion criteria



		2.3 Data extraction and quality assessment



		2.5 Statistical analysis









		3 Results



		3.1 Study selection



		3.2 Study characteristics



		3.3 Meta-analysis



		3.4 Risk of bias of included studies









		4 Discussion



		5 Conclusion and implications



		Data availability statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		References























OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g002.jpg
N
S
S
S None SCZ
@)

P-NFKBDOS el e wie S s

Total NFKBPOS s st s s s s s

6
B
S
= 4
=
Q
=]
= 2
=9
0 :
0 10 20 40 10 20 40 min
PMA/Io ) ")
None SCZ
c D
1.1 —
——Control = - .
SCZ g -
g 09 | + .
& -
2 S 08
8 b 1
= d 07 .
= ‘
0.6
0 84 168 347 431 539 Control SCz

Time (s)





OPS/images/fonc.2025.1505889/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g003.jpg
Count

JRT3
+SCZ

JRT3

-HT29

+HT29

CD69 MFI in JRT3
(x1000 a.u.)

30

20

10

+Serum

- Serum

Oserum (+) %
W serum (-) NS
100 NS
NS
75
§
T 50
z
25
0
SCZ B, 5uM

10uM

*

0O Control
m SCZ

-HT29

+HT29





OPS/images/fonc.2025.1505889/fonc-15-1505889-g001.jpg
records identified from (n=5208):

pubmed (n=169)
scopus (n=1209)
Google scholar (n=3830)

records removed befoe the
screening

duplicate records removed: 512

records screened based on the
title and abstract: 4696

reports excluded: 165
reason:
irrelevant outcome

reports assessed for full text:
e

revords excluded based on
the title and abstract: 4522

studies included in the
review (n=9)






OPS/images/fimmu.2023.1278630/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g001.jpg
PDCDI mRNA

Count

I

PDCD! mRNA

expression (%)

400 600

200

expression (%)

>
S

100

Wi
oS O

150

100

50

0

B (o]
PBMCs T cells Jurkat T cells
EI Control [[] Control [] Control
PMA/Io 150 - WPMA/o 150 5 MPMA/o
* < = * < = ®
z< 2
E £100 Eg 100
5% 57
8 & 50 S & 50
a s a =
& 5 a3
0 0
None SCZ None SCZ None SCZ
E
Sulconazole
Coiiol : (;zlr::t::‘lam'e (5pM) g 1 50 * *
® PMA/lo
® Sulconazole (2uMy PMA/lo _E
m Sulconazole (5 pM)+ PMA/lo % 100
s
b
PMA/lo + Sulconazol (5uM) 2 50
a)
Iconazol (2uM) o
scz 0 1M 5uM
wl a3 Wt WS P
PD-1 PMA/Io # +
G
“ 100 *
E}
= £
2 Fg 50
o &
=] n
a~ o]
=9}
0
None SCZ > ny
g S
of
PBMCs | T cells J PBMCs
180 .
150 ol
% < S * <~
25 100 g=n
£ E E5 o
- B 2
Qg T2
QE 50 SE w
=5 S8 w
- 0 ~ ™ o | == |
~
S @« S § @
@] (@) @)





OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g006.jpg
MI10, 10% FCS

Sulconazole: 0 uM 5 uM 10uM 20uM
B c
M10, 10% FCS CT-26,10% FCS
=~ 60 £ 100
S = ——0
g 50 g 804 TS
5 40 = == 10 M
z 2 604 - 20uM
30 5
g S 40
2 20 u,
Q Z
.% 10 % 20
2 0 = 0
0 6 12 24 36 48 0 6 12 24 36 48
Time (hours) Time (hours)
D
MDA-MB-231, 10% FCS
< 100
280
5
= 60
5
o
= 40
2
£ 20
[
I~
0

0 6 12 24 36 48

Time (hours)





OPS/images/fonc.2024.1514120/table1.jpg
S — Mechanism of action Relevant .
et In vivo/in vitro ; Concentration/
Original target StUdY modal or target molecule in hallmark Dosage
Y OC treatment involved 9
Inhibit the biosynthesis of the
. Cardiovascular In vitro cell lines Hey cholesterol enzyme mevalonate, Induction 1 1M, 50 uM,
Atorvastatin # . S . (102)
diseases prevention and SKOV3 inhibiting difosfatfarnesyl of apoptosis 150 uM
and diphosphategeranylgeranyl
In vivo cell lines SKOV-3, Synthesis disruption of acetyl Growth
Lovastatin Cholesterol treatment  OVCAR-5 xenograft Co-A in the suppression 12.5 mg/kg (104)
in mice endoplasmic reticulum and apoptosis
Inhibit the biosynthesis of the
. . V3, | lipi L I .
Lonafarnib Progeria treatment In vitro cell lines SKOV-3 ipids of the.RAS protein in th.e nduction : From 10 nM to10 M (108)
OVCAR-5 farnesyl chain for the structuring  of apoptosis
of the cell membrane
In vivo xenograft cells Inhibit cholesterol biosynthesis Tndiciibn
Alendronate Osteoporosis treatment ~ SKOV3, OVCARS in mice by blocking farnesyl of abantosis 15 mg/kg (108)
models mogp-Tag pyrophosphate synthase PP
In vitro cell lines OVCAR- :}nh;ll:;t:;:::)lefsat:;: l;xosynthesns Induction 5 M 115)
5
3 and MDAH-2774 4 H th of apoptosis a
pyrophosphate synthase
Zoledronic acid Osteoporosis treatment
In vitro extracted samples Inhibit cholesterol biosynthesis .
s . Induction
of ovarian tissue from by blocking farnesyl of apoptosis From 2.2 to 69 uM (117)
human patients pyrophosphate synthase PP
Deregulating
Inhibits protein synthesis by :‘liul:,cs
T — Astibiote In vitro cell lines SKOV3, binding to the 30s ribosome i rgres‘sir; 250 M (19
4 Tov21G, ES2 subunit and inhibiting P? . s B
eptide translocation. proltferation
Pep | and induction
of apoptosis
Deregulating
cellular
. . Inhibits protein synthesis by energetics,
Doxycycline Antibiotic I trarcell i, binding to the 308 suppressing 50 uM (119)
Tov21G, ES2 8 B ) N
ribosomal subunit proliferation
and induction
of apoptosis
Inhibits protein synthesis by
In vitro ovarian cancer cell  binding to the 28s ribosome Induction
Glycyleycli Antibioti F 10 nM tol10 uM 119,
YR Qs REae lines SKOV3, Tov21G, ES2  subunit and inhibiting of apoptosis rom 10 nM to10 kM | (119)
peptide translocation.
Deregulating
cellular
Binding to the subunit 28S small tics,
Fotrageli Ao In vitro ovarian cancer cell | R 0 1 MUY <8 S enerEe ey From 1 uM to i
etracycline ntibiotic lines SKOV3, Tov21G, Esz | ™itoribosome then inhibiting suppressing 250 uM
mitochondrial anabolism proliferation
and induction
of apoptosis
Deregulating
Suppression of the mitochondrial | cellular
) ) activity complex and energetics,
In vits 111 SKOV3,
Pyrvinium pamoate | Anthelmintic T"g"[’; ;Dcc;s 2‘““ dysregulation of STAT suppressing 250 nM, 500 nM (119)
3 transcription over the proliferation
Mito OXPHOS and induction
of apoptosis
Do ti
It inhibits protein transduction Ce;r:lg;l aHng
T i Antibioti In vitro cell lines SKOV3, by binding to the 308 ribosomal " 50 WM (19)
geeycine ntiblotie Tov21G, ES2 subunit and blocking the entry g i
of aminoacyl tRNA (transfer SUpErOsINe
proliferation
RNA) molecules into the and induction
ribosomal site of apoptosis
Decrease in phosphorylated ERK | Inhibition of
In vitro cell lines SK-OV- | and MEK proteins by activation | growth and
Monensin Antibiotic 3, A2780, OVCARS3, of E-cadherin and claudin, prevention of 02pM, 1 pM, 5uM | (61)
CAOV-3 participating in the epithelial- cell
mesenchymal transition differentiation
: - In vivo xenograft cancer Dysregulation of the cell cycle by "
Anti t Induct 3 kg, 60
Bithionol “d‘P a:;s'l © ’ cells SKOV-3-luc-D3in | ROS generation and NF- '; ue ":"_ lgomg/ i 24‘3%2’71( (151)
and anthelmintic i B fak ik tion of apoptosis mg/kg, 240 mg/kg
Antiangiogenic function by Antiangiogenic
inhibition of growth receptor 2 d
In vivo humans VEGFR2 and phosphorylation of | " " From 400 to 600 mg | (157)
ERK, hedgehog, and g“’“’{ .
TOR pathways suppressio
Ttraconazole Antifungal
) .Am..\a.n.glogemc function by Antiangiogenic
In vivo xenograft cancer inhibition of growth receptor 2 and
cells in mice, endothelial 'VEGFR?2 and phosphorylation of . From 100 to 600 mg (156)
human cancer cells ERK, hedgehog, and SRS
suppression
TOR pathways
Induction of stop cell cycle in
= 5 G0-G1 by modulation of growth  Growth
11 13 KOV-. 16
Invitoicellline SKOVS | i b cicing by Kinase PAKY | suppression 2 {e3)
) Antiparasitic Linhihiting
Ivermectin % jia
and anthelmintic . ;
’ ’ Induction of stop cell cycle in
Invittcell lnes K-, GO-G1 by modulation of growth  Growth
KOC7¢, SKOV3 and U 5 3 & F 5 UM, 20 pM (160)
factor proteins by kinase PAK- suppression
MRUG-$ N
1 inhibiting
De lati
In vivo xenograft in mice = e
: . . i cellular
ovarian cancer cell lines: Block tubulin polymerization P—
MES-OV (p53 R282W), | that generates dysfunctional S _—_ @5
ES2 (p53 S241F), A2780 | microtubules and difficult e e
(p53 wild type), SKOV3 | cytoskeleton structural functions | P oo o
and induction
parental (p53 null) X
At - of apoptosis
ntiparasitic
Mebendazole .
and anthelmintic .
Deregulating
cellular
AT 5 E energetics,
In vitro lines OVCARSCR  Inhibits the sign ways ELK/SRF, :
F 0 uM to 4 uM 176,
and SKOV3CR NEKB, MYC/MAX y E2F/DP1 | SUPPressing SRS (70
proliferation
and induction
of apoptosis
Inhibits cell th by i
SN e i Inhibit cell
cell cycle arrest and apoptosis in
. : cycle and tumor
female nu/nu mice ovarian cancer cells. A 185wk (183,
Ciglitazone Type 2 xenografted with Reduce prostaglandin E2 (PGE2) 5 dg Gasiio int 5 % al 184,
e diabetes, atherosclerosis  subcutaneous OVCAR- in a COX-2-independent fnduc o.n © intraperitoneatly once 2755
. . apoptosis, a week
3 tumors manner, induce apoptosis, S 276)
— . 3 I inhibit
inhibit angiogenesis, and inhibit . .
i angiogenesis
tumor progression.
Suppression of
Inducing carbonyl reductase, ol
OVCAR-3 cells and femal 3 liferati
Clofibric acid Hyperlipidemia BALB/c nulc:usr:?ce ]:::; which promotes the conversion ::;l cration 500 pmol/L (190)
of PGE2 to PGF2a. 2 i
increasing
apoptosis
In vitro cell lines OVCAR- | Irreversible structural cell
" . 3, SKOV3, OV-MZ-30, damage through oxidized Induction
Disulfi Alcohol; treats t F 0 puM to 5 uM 196,
S e OV-MZ-31,0V-MZ-37, | disulfide bonds in of apoptosis Rl Al {196)
and OV-MZ-38 paranuclear proteins
Oligonucleosomal cleavage of
genomic DNA and caspase
bstrate polyadenosi Inducti
Fluphenazine Antipsychotic In vitro cell line OVCAR-3 51‘1 e ya i Handon, < 3.84 uM (202)
diphosphate ribose suggest of apoptosis
induces caspase-dependent
apoptotic cell death
Inhibits mitochondrial complex I
(NADH dehydrogenase) activity
. Regulate the amount of  In vitro cells Hey and cellular respiration of Induction From 10 mM to
Metformin B . . (204)
sugar in the blood and SKOV3ip1 electrons transported by glucose  of apoptosis 40 mM
deprivation, stopping Krebs
cycle function
Increased expression of Bim,
o Prostatic In vitro cell lines Puma, and Noxa proteins, which | Induction
Naftopidil hyperplasia treatment  IGROV1-R10, SKOV3 affect mitochondria and of apoptosis O UM, 25¢M, S0pM. | (214)
induce apoptosis
. P Suppress
Inhibits phosphorylati AKT
In vitro cell lines PEO1/ " d‘E'l:Kp Ok °"'d“ on “: proliferation
Nelfinavir Antiretroviral PEO4/PEOG y BDE SN R ErCamags D and From 1 pM to 50 yM | (215)
nuclear DNA and :
PEO14/PEO23 y + induce
endoplasmic reticulum .
apoptosis
S Antiangiogenic,
) _ Apoptosis induction by
In vity 111 MDH- wth 217~
Ritonavir Antiretroviral Z’;;; 0 ;eSK;‘:; N phosphorylation of AKT that growth 20 M (219/)
an - inhibits the PI3K/Akt suppression,
and apoptosis
Interferes with cellular pathways
In vivo, cell lines OVCAR-
8"}':"’” el Ve of TNE-MAP4K4-JNK, the
, human ovarian " . .
Sertraline Antidepressant adenocarcinoma NCI- antiapoptotic PSK/AK/mIOR; | Inducton, 1M (27)
BRI (AR AMPK/mTOR axis, and TCTP/  of apoptosis
L P53 feedback loop and with the
xenografts in mice ¥
cytosolic Ca2+ levels
Phosphorylation of p53 and the
Akt 5 i
. . pathway, increasing cell i
Semelonih safiacepi In vitro cell lines A2780, | cycle inhibitors p21 and p27 and ) - @58
TReeRnEe UBNReERIe A2780-CP and SKOV-3 inhibition of Bel-xl on 5“‘;"“““{’" . Kb, 20:6M ’
mitochondrial function, ATKLARCRISR
generating apoptosis
Did not have a
significant effect
D the TNF-0,, MMP-
‘Thalidomide Anti-emetic In vitro SKOV-3 cells e e, * | oncel (@x107 - 2x10° M) | (237)
and MMP-2 secretion " 5
proliferation
and growth
Philadelphia
chromosome-positive Reduced the phosphorylation of ) 300 nM for SKOv3
KOV-3 and He 1l Autoph:
Dasatinib acute lymphoblastic SKOV-3 and Hey cells AKT, mTOR, p7086K, and $6 vlopnagic cellsand 150 nM for | (243)
: : Hey xenograft model . E cell death
leukemia or chronic kinase expression. HEY cells
myeloid leukemia
Inhibition
Chronic myelogenous  In vitro cell lines: C272- e ) growth and cell
¢ Inhibits phosphorylation of
leuk hTert/E7, hTert, cls
Imatinib eukemniz and ert/E7, CS89/hTex PDGFRaand Akt in PDGFRo- ¢ 1C50 < 1 um (246).

gastrointestinal
stromal tumors

CSOC848, CSOCI08,
and CSOC918

specific manner

progression in a
PDGFRa-
specific manner





OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g007.jpg
SCZ

Control

(‘n') 9z1s Jown,

SCZ

Control





OPS/images/fonc.2025.1520985/crossmark.jpg
©

2

i

|





OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g004.jpg
0.1 ratio

YoAratio (F340/F3g0)

0 Ca*" +TG

——Control
SCZ

‘«

2.5 mM Ca?*

0 200 400 600 800
Time (s)
MDA-MB-231

Control

SCZ





OPS/images/fonc.2025.1520985/fonc-15-1520985-g001.jpg
234567 8

LBD

Exon3  CE5 Exon Exon

N
— e —

CE1 CE4 CE2 CE3

AR-V7
(1,2,3,CE3)

m " mm

(E—
[T} 111 T Cell

Proliferation

AR-V7 m 0 mmm
(1,2,3,CE5,CE3) M

Exon 4 Exon 5 Exon 6
DE— E|E—E[ -

\/

IGF-1
Class 1 Ea

E
peptide

s e

I e

peptide

IGF-1
Class 1 Ec

(E) ccND1

CCND1l1a

-300 bases
AATAAT

G/A870

Exon 1 Exon 3 I Exon 5
T e’ —
Exon 4

-300 bases
AATAAT

-3000 bases
AATAAA

-
Exon 2

CCND1a AR T R ——— A
R = ——

-3000 bases
AATAAA

(274 KDa) 448

Oncogenic Activity

NFYAS (318aa) il . | |

-
i il

Over expression increase mobility

NFYAL (347 aa)

(D) KuFe W:@\ Exon’

KLF6 WT

KLF6 V3

KLF6 V2

KLF6 V1

@ ERG-TMPRSS2 fusion

ol3 pl2

BCL-xS
(Pro-apoptotic)

BCL-xL
(Anti-apoptotic)

High resistance to apoptosis, chemotherapy and radiotherapy

IVS1 -27 Zinc fingers

e o o o

Activation domain

KLF6 WT (283 22) ;. il

KLF6 V3 (237 aa)

KLF6 V2 (241 aa) jjj s il

KLF6 V1 (195 aa)

TMPRSS2
ERG

Chr21:41,464,305-41,508,158 (-)
Chr21:38,367,261 -38,661,783 (-)

pli2 plLL QL qu2

 — s ¥

Chromosome 21

VGEF206 :
VGEF189 :
VGEF183
VGEF165

VGEF145 :

VGEF121

TGA TGA
Exon 7 | Exon 8

b— a b ...

Exon 6

= — a |b——a

Exon 5
DSS

PSS
(Distal Splice Site Selection)

(Proximal Splice Site Selection)

VGEF206b ::
VGEF189b ::
VGEF183b ::
VGEF165b ::

VGEF145b

VGEF121b 3

Angiogenic Anti-Angiogenic






OPS/images/fimmu.2023.1278630/fimmu-14-1278630-g005.jpg
>

Confluency (%)

o

Confluency (%)

[}

Confluency (%)

100
80
60
40
20

120
100
80
60
40
20

CT-26, 3% FCS

0 24 48 72 96

Time (hours)

MI0, 3% FCS

0 24 48 72 96 120

Time (hours)

MDA-MB-231, 3% FCS

0 24 48 72 96 120 180 240

Time (hours)

Confluency (%)

m

Confluency (%)

Confluency (%)

150

100

50

CT-26, 10% FCS

0 24 48 72 96

Time (hours)

M10, 10% FCS

— ()

—— 1M
——5uM
—— 10 uM
——20 M

0 24 48 72 9 120

Time (hours)

MDA-MB-231, 10% FCS

0 24 48 72 96 120180240

Time (hours)

(9]

Confluency (%)

m

Confluency (%)

Confluency (%)

.
S S—

80 "

ag ®10% FCS

- 3% FCS

20

0 1 5 10 20
Sulconazole (uM)

*
120 *
100
m10% FCS
30 5
3% FCS
60
40
20
0
0 1 5 10 20
Sulconazole (uM)
*
*
*
60

50
0,
40 m10% FCS
m3% FCS

30
20

10

0

Sulconazole (uM)






OPS/images/fonc.2025.1520985/table1.jpg
increases the expression of
VEGFAI121 (angiogenic) and
decreases the isoform with better

anti-angiogenic potential.

Gene official symbol/ Splicing Functional impacts Potential as Reference
Official full name events, mutations therapeutic targets
AR Aberrant alternative splicing Synthesis of two truncated isoforms (15)
androgen receptor of the constitutively active receptor, (16)
called AR-V7 and AR-V9, which 17)
lack the LBD domain (exons 5 to
8). The isoforms correlate with cell
proliferation, resistance and
protection against
hormonal treatments.
Dysregulation and overexpression | Synthesis of aberrant AR-V7 and (18)
of the SRSF1 splicing factor AR-V9 isoforms correlates with
SRSF1 overexpression.

BCL2L1 Isoforms BCL-XL and BCL-XS Prostate cell lines expressing BCL Phosphorylase inhibitor drugs. (1)

BCL2 like 1 from two alternative XL (phosphorylation-activated (22)

or BCL-X gene 5" splice sites in the exon 2. protein) exhibit a high resistance
Regulation of isoforms expression to apoptosis, as well as resistance
by the cell cycle and activation to various treatments, from
of phosphatases. chemotherapy to radiotherapy.

CCND1 SNP G/A870 at the end of exon 4 The isoform called cyclin D1b (23)

cyclin D1 and beginning of intron 4. retains a portion of intron 4 that

includes a premature stop codon.
Cyclin D1b is in the nucleus and
correlates with decreased activation
of the androgen receptor.

CD44 Dysregulation of alternative There is a downregulation of CD44 and CD44v6 could be (24)

CD44 molecule (IN blood group) | splicing with diverse isoforms at CD44 expression in metastatic markers for finding prostate
different stages of the disease. stages of prostate cancer, while metastatic cells in liquid biopsies.

migration is decreased.
CD44v6 is expressed in the (25)
epithelial to
mesenchymal transition.
KLK3 Kallikrein related peptidase 3 Highly complex alternative splicing ~ Overexpression of KLK3 degrades  New and improved diagnostic (26)
(Prostate Specific Antigen) events, SNPs. the extracellular matrix and thus and therapeutic tools based on
expands cancer tissue, and
correlates with
increased angiogenesis.
Highly complex alternative splicing KLK3 variants to assess 27)
events, SNPs. disease progression.

FOXAL forkhead box Al High rate of mutagenesis in any The effect on splicing regulation is (28)
endoderm-derived tissue, such as not yet fully understood. 29
the prostate gland.

IGF1 insulin like growth factor 1 Alternative splicing, three isoforms  In PCa epithelial cells, the IGF-IEc ~ IGF-1 and IGF-IEc could act as (30)
called IGF-IEa, IGF-IEb and isoform is highly expressed with circulating biomarkers. (31)
IGF-IEc. an increase in proliferation

mediated by activation of the IGF-
1R receptor.

Association between increased
circulating levels of IGF-1 and the
risk of developing

solid malignancies.

KLF6 IVSAA allele generate the The isoforms act as antagonists of IVSAA allele related to PCa in (32)

KLF transcription factor 6 alternative isoforms not functional:  the functional KLF6 isoform, men, in the (33)
KLF6- cancers tend to be aggressive American population.

V1, KLF6-V2 and KLF6-V3. and metastasis.
The IVSAA allele has a G/A

polymorphism that generates a new

splice site near the boundary between

the first intron and the second exon

called the IVS1-27 point.

ERG/TMPRSS2 Gene fusion with the androgen- ERG/TMPRSS?2 deletion is present ~ Modify the splicing events of (34)

ERG driven promoter of the TMPRSS2  in approximately 50% of PCas. ERG gene.

ETS transcription factor ERG gene through chromosomal

TMPRSS2 translocation or by interstitial

transmembrane serine protease 2 | deletion of the intergenic region
between TMPRSS2 and ERG.

Up to 30 alternative transcripts of  ERG is phosphorylated by ERK (35)
the ERG gene. kinase, triggering the (36)
posttranslational activity that drives
cell proliferation.

NF-YA nuclear transcription Alternative splicing produces the Increased NF-YAS induces cancer New molecular strategy for risk (37, 38)

factor Y subunit alpha NF-YAL and NF-YAS isoforms. cell proliferation, while assessment of PCa patients.

overexpression of NF-YAL
increases cell mobility.

VEGFA Alternative slicing produces In PCa cell lines, the ratio between 39)

vascular endothelial growth angiogenic and anti- these pro-angiogenic and anti- (40)

factor A angiogenic isoforms. angiogenic isoforms is affected,

with a tendency to increase for
proangiogenic isoforms.
Dysregulation of the SRSF1 factor.  Dysregulation of the SRSF1 factor (41)





OPS/images/fonc.2024.1514120/fonc-14-1514120-g002.jpg
A

TGCA- Integrated Genomic Analyses of Ovarian Carcinoma

[ #SSM affected cases
#CNV gains
[ #CNV losses

250 ‘ #!Mu!tatl}ons}

100 - ||

#SSM Affected cases

o @‘Q\ NI Q& Qﬁ Nei\s 6\CX
RV Wb @ ool 2P L OV & ¥y
T TP N ?@QQQW O/& ot

TGCA-Adult Soft Tissue Sarcomas

B #SSM affected cases
#CNV gains

[ #CNV losses

100 —— — #!Mutatlons?

80 *.—?"””.? ,éﬂéw % .%,mt,?ﬂ,évméw,é -
60_ .....

40 -

#SSM Affected cases

Human Cancer Models Initiative

B #SSM affected cases

#CNV gains

[ #CNV losses
#Mutations

1 20 i I !

I I I

100_ .....

oo | 4111

#SSM Affected cases






OPS/images/fonc.2024.1514120/fonc-14-1514120-g003.jpg
Stage | Stage Stage lll Stage IV






OPS/images/fonc.2024.1514120/fonc-14-1514120-g004.jpg
A Statins B Bisphosphonates
Atorvastatin Lovastatin Lonafarnib
o i A\ Alendronate Zoledronic acid
o [P R X
H—O\P \0¥H /\P /O\H
ol o N
° N o H [o) O=H
Antibiotics
Azithromycin Doxycycline Glycyclines Tetracyclines

T

Monensin

D Antiparasitic and antifungal drugs

Bithionol Itraconazol Ivermectin Mebendazole

o =N

.
Q
~
J>

SRessy
7\

H I O\H \
E Other categories of drugs
PPARg ligands Hyperlipidemia Alcohol dependence Antipsychotics Diabetes mellitus-related drugs
Ciglitazone Clofibric acid Disulfiram Fluphenazine Metformin
o O/H "

- 1

: ) s ! L Y 0o H Nen
COe
Cl =
Drugs used for other Membrane Estrogen receptor
types of cancer Drugs used in HIV NSAID transporters stimulator
Naftopidil Nelfinavir Ritonavir Sertraline Ormeloxifene
o PN Aspirin \g’ f
A |

o H z
o 1
% o o
o K o
» N M \ N






OPS/images/fonc.2024.1514120/fonc-14-1514120-g005.jpg
DNA
fragmentation

Metastasis

Autopagy

Cell adhesion

Cell cycle
arrest

- : Growth
Fluphenazine |- 1 | suppressors

s

Doxycycline

4

H 0.
Cell growth
g el L Ciglitazone — :

proliferation

o
................................

Naftopidil

Tumor -sphere

Mitochondrial
Cell cycle ! biogenesis
arrest } { Glycyclines
SuUppressors -’ b

R e e

Thalidomide Cell growth ; - —

=% Antiparasitic Antiretroviral Antibiotics - Hypocholesterolemic/ Kinase Other drugs/ DFUQS combination
Cf f § D hyperlipidemic § ) inhibitors &) metabolite &

%






OPS/images/fonc.2025.1628842/crossmark.jpg
©

2

i

|





OPS/images/fonc.2025.1505889/table1.jpg
Author/ Country Year Participants Mean age Intervention Duration Quality

reference Assessment
Fennell UK 2020 Randomiscd,  Patients had advanced 1. Olaparib group | Age - median (IQR): | The initial study dose of oral olaparib or placcbo Between 27th August | 12/13
etal. (18) double-blind, (stage I1IB/IV) SCLC (N=32): (Male=50%) 1. Olaparib group: tablets was 300mg administered twice daily in 21-day ~ 2014 and 14th

placebo- NSCLC,and had tobe  (Female=50%) 2. 65 (61-72) eycles until disease progression, unacceptable toxicity,  November 2017

controlled, chemo-naive Placbo group 2. Placebo groupe: | or patient withdrawal of consent. Dose interruption

parallel arm, (N=38): 63 (59-70) was allowed for any grade of toxicity for a maximum

phase 2 trial of 14 days until complete recovery o reversion to

Common Terminology Criteria for Adverse Events
(CTCAE) version 4.03 grade 1. Dose reductions were
allowed to 250mg twice daily (dose level -1) or 200
mg twice daily (dose level -2). Dose escalations were
not permitted

Garcia- Spain & 2020 Randomized  Patients with treatment-  Arm A: gefitinib Arm A: gefitinib 182 patients underwent randomization, 91 received 3 years (Between 1303
Campelo Mexico phase IB/ naive, pathologically (N=91): Female (N=91): 68 (36-85) | gefitinib and 91 reccived gefitinib plus olaparib. September 2013, and.
etal. (19) 1 study confirmed stage IV 6264% Arm B: Arm B: gefitinib plus | Patients were randomly allocated (1:1) to receive July 2016)

NSCLC, with centrally  gefitinib plus : gefitinib 250 mg daily or gefitinib 250 mg daily plus

confirmed EGFR olaparib (N=91): (39-85) olaparib 200 mg three times daily in 28-day cycles.

mutations and Female 72.53% ‘The primary endpoint was PFS. Secondary endpoints

measurable disease included overall survival (OS), response rate, safety

and tolerability

Desmond UsA 2022 Anexpansion Fifieen individuals with | — Median age: 66 years | Eligible participants were enrolled in an expansion  Between July 2016 9/13
etal. (23) cohort of a advanced NSCLC who cohort of a proof-of-concept phase /I study and and July 2021
proof-of- had received at least one received O 300 mg PO BID with D 1500 mg IV
concept phase  prior platinum- every 4 weeks until discase progression or
i based regimen. unacceptable toxicity. The primary end-point
study was PFS
(NCT02484404)
Krebs UK 203 Aphase12,  Patients with Patients (n = 38): Patients (n= 38): | Patients with previously treated limited or extensive- | Median total 1213
etal. (24) open-label, histologically or Male= 55.3% Median (range)= stage SCLC received oral olaparib 300 mg twice daily, treatment duration
single-arm, cytologically confirmed 625 (44-76) as runin for 4 weeks, then with durvalumab (1500 (range) was 12.1
multicenter, relapsed limited or mg intravenously every 4 weeks) until discase weeks (03-67.1
ernational  extensive-stage SCLC. progression. As previously described for breast weeks) for olaparib
basket study cancer, all patients in the SCLC cohort received and 80 weeks (4.0~
olaparib monotherapy (300 mg, oral tablet, twice 63.0 weeks) for
daily) for 4 weeks, followed by a combination of durvalumab. Median

olaparib (300 mg orally twice daily) and durvalumab  investigator-assessed
(1500 mg, intravenously), administered every 4 weeks  duration of response

(28-day cycle) until disease progression or was 3.6 months
intolerable toxicity. (IQR, 2.6~
4.6 months)
Huang China 2023 TRIDENTisa  Patients with treatment-  — - Durvalumab (1500 mg) was concurrently Between August 2021 11/13
etal. (25) single arm, naive ES-SCLC aged administered with platinum-etoposide every 3 weeks  and August 2022. At
multicenter, >18 with ECOG PS 02 for 4 cycles, followed by durvalumab 1500 mg every  the data cutoff on
phase 2 study 4 weeks plus olaparib 300 mg twice daily until August 9, 2023, the
disease progression or unacceptable toxicity median duration of
follow-up was
13.0 months
Woll UK 2022 Randomised,  Patients with Placebo: Male=46% | Placebo (N = 74): Patients received oral olaparib 300 mg BD or 200 mg  Between 21
etal. (26) double-blind,  pathologically confirmed ~ Olaparib BD: Median (Range) = | TDS or matching placebo in continuous 28 day November 2013 and
placebo- SCLC (including limited  Male=49% Olaparib 64 (43-86) Olaparib | cycles for two years or until disease progression, 11 December 2015
controlled, and extensive stage TDS: Male=42% BD (N =73): death, unacceptable toxicity, or withdrawal of
phase Il trial,  disease) and had Median (Range) = | patient consent
achieved a complete or 66 (43-89) Olaparib
partial response affer at TDS (N =73):
least three cycles of first Median (Range) =
line chemotherapy with 63(42-82)
etoposide and either
cisplatin or carboplatin
Postel-Vinay | France 2023 Randomized Arm Placebo (N= | Arm Placebo: Patients initially received the standard-of-care: four  The median duration  13/13
etal. 27) & Spain double-blind 27): Male= 85% Arm | Median (range) =65 | to six 21-day cycles of any platinum-doublet therapy, of follow-up was 39.3
phase I trial olaparib (N =33): | (47-82) Arm excluding taxane-based doublets. Patients with partial | months [CI 95%:
Male= 82% olaparib: Median or complete response (based on RECIST v1.1) after 27.3-46.0)

(range) = 62 (53-86) | 4-6 cycles of platinum-based chemotherapy were
randomly assigned, in a one-to-one ratio, to receive
‘maintenance olaparib or placebo. Olaparib or placebo
was administered orally, at a dose of 300 mg twice a
day in 28-day cycles, and started no later than 6
weeks after the last administration of chemotherapy.
Treatment was administered until disease progression
or unacceptable toxicity. Crossover to olaparib was

not allowed
Park Republic 2023 This study was  Patients with SCLCand  SUKSES-B (olaparib, |~ SUKSES-B: Median | In the olaparib monotherapy arm, olaparib 300 mg ~ From August 2016 to
etal. (28) of Korea designedasa  SUKSES-S experienced  n = 15): Male = (range) = 68 (48-76) by mouth was administered every 12 hours with December 2020. The
biomarker- disease progression 933% SUKSES-N2 | SUKSES-N2: Median | approximately 240 mL of water. Each cycle of median follow-up
driven umbrella | during or within 6 (olaparib and (range) = 66 (47-78) | treatment was 21 days in duration. A computed duration of the
trial called months after firstline | ceralasertib, n = 26): tomography scan was conducted every 6 weeks for  olaparib
SUKSES (Small  platinum-based Male = 92.3% response evaluation. In the olaparib and ceralasertib  monotherapy arm
Cell Lung chemotherapy. Patients combination arm, the same dosing schedule of was 8.1 months (9%
Cancer who relapsed >6 months olaparib was performed but with the addition of CIL,5.1-16.5). The
Umbrella Korea  after the last dose of ceralasertib at 160 mg by mouth, every day from day  median follow-up
Studies) as first-line therapy were 1to day 7 of each cycle. One cycle of treatment was  duration of the
previously allowed to participate in 28 days, and a computed tomography scan was olaparib and
reported. the trial after second- conducted every 8 weeks ceralasertib
line platinum combination arm was
chemotherapy (with 7.2 months (95% CI,
participation in SUKSES 60-102).
as third-line therapy).
All patients had an
Eastern Clinical
Oncology Group
Performance Score of 0
or 1, normal organ and
bone marrow function,
and a life expectancy of
216 weeks
Karachaliou | Spain 2020 Aphase 1Band  Patients with metastatic  Gefitinib (N Gefitinib: median In the phase 1B dose escalation part of the study, Between July 2013 12/13
etal. (29) 28 EGFR-mutant NSCLC | Male = 35% age (range) = 70 tolerance in the absence of pharmacokinetic and July 2016, PFS
study treatment Geftinib + Olaparib | (36-85) Gefitinib +  interactions and the activity of gefitinib plus olaparib  and OS were
(N = 40): Male Olaparib: median ‘were confirmed in 22 patients with EGFR-mutant evaluated at the final
=25% age (range) = 65 NSCLC. The recommended phase 2 dose was 250 mg  data cutoff point on
(39-85) of gefitinib once daily plus 200 mg of olaparib three  July 2017

times daily





OPS/images/fonc.2025.1505889/fonc-15-1505889-g002.jpg
vt (e 9059 -0500)

OTE ot e o v oot

3s(amrse

Study %
Study %
D WMD (95% CI) Weight
D ES (95% CI) Weight
Fennel (ITT) —_—mmmm 115(-2459,26.89) 005
Fennel (PP) + 1.15(-4.44,6.74) 112
H Desmond 2022 ——— 3.20 (0.90, 7.60) 33.82
Postel-Vinay . 0.90 (0.90.0.90) 57.50
: Krebs 2023 - 240 (0.90, 3.
Panella Woll (BD) - 120 (-0.01,241) 23 : (0.90, 3.00) 38.34
Panella Woll (TDS) - 1.10(-0.24, 249) 14.80 Huang 2023 H ——————— 1460 (10.90,21.80) 2784
Sehhoon Park — 150 (-3.30, 0.30) 929
b Overall (I-squared = 89.2%, p = 0.000) 6.07 (0.67, 11.46) 100.00
Overall (I-squared = 30.2%, p = 0.208) o 0.76 (0.16, 1.36) 100.00 H
NOTE: Weights are from random effects Bnalyslf NOTE: Weights are from random effects analysis ‘
T T T T
-269 [ 269 218 0 218
B
s B
° e =
N— —_ - -
B - . J—
1
[r—— 4 Y an






OPS/images/fonc.2024.1382276/fonc-14-1382276-g007.jpg
20190919 20191219





OPS/images/fonc.2024.1382276/table1.jpg
Characteristics Total (n = 194)

Age,n(%), median(min-max) 16(5-73)
Age<15 81 (42)
15<Age<25 85 (44)
Age>25 | 28 (14)
Gender, n (%) Total (n = 194)
Female 66 (34)

Male 128 (66)

Stage, n (%) Total (n = 194)
A 1(0.5)

IB 1(0.5)

1A 44 (23)

1B 92 (47)

111 2(1)

IVA 43 (22)

/ 11 (6)
Histologic subtypes Total (n = 194)
Parosteal osteosarcoma 3 (1.5)

Small cell osteosarcoma 1(0.5)
Conventional osteosarcoma 190 (98)
grading Total (n = 194)
G1 2(1)

G2 192 (99)
therapy Total (n = 194)
Neoadjuvant + surgery + adjuvant 164 (85)
surgery + adjuvant 30 (15)

MSL n (%) Total (n = 194)
MSS 193 (99)
MSI-H 1(1)

PD-L1 (=1=positive) Total (n = 177)
Positive 44 (25)
Negative 133 (75)

In staging patients, the AJCC (American Joint Committee on Cancer) system is utilized.
However, it should be noted that for pelvic and spinal bone tumors (n=11), the AJCC staging
criteria are not applicable, as indicated by the “/” symbol, according to the Bone Cancer
NCCN Guidelines 2024, Version 2.
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Pathology Diagnosis rade PSMA Stainin

Female
1 17 E Bone Left femur GCTB I + 0.68695 52.33
2 24 I3 Bone Right humerus GCTB 1 e 0.64367 4451
3 32 F Bone Inferior left femur GCTB 1f - 0.17155 2.14
4 33 B Bone Right femur GCTB 1 - 0.27750 2.58
& 36 B Bone Right Femur GCTB s i 0.62276 10.11
6 37 F Bone Tlium GCTB 1 + 0.64784 17.91
7 38 E Bone Right humerus GCTB I + 0.63026 19.83
8 38 F Bone Left wrist GCTB 1 4 0.73253 50.55
9 40 E Bone Distal radius GCTB I - 0.13626 3.95
10 42 F Bone Humerus GCTB 1 - 0.20002 235
11 45 B Bone Left tibia GCTB 1 - 0.28878 322
12 48 Jii Bone Left femur GCTB Ii - 0.10619 497
Male
1 20 M Bone Right femur inferior GCTB 1t + 0.69259 15.41
2 20 M Bone Left fibula GCTB 1t - 0.17428 1371
3 22 M Bone Left femur GCTB I W 0.55392 9.25%
4 28 M Bone Left femur/clavicle GCTB i i 0.68700 3119
5 30 M Bone Inferior right tibia GCTB I iy 0.68068 12.65
6 32 M Bone Inferior right femur GCTB 1 + 0.64174 18.16
7 32 M Bone Left tibia superior GCTB I - 049351 3824
8 32 M Bone Bone GCTB 1 + 0.70681 16.99
9 32 M Bone Superior left tibia GCTB 1 i 0.64874 16.35
10 33 M Bone Right humerus GCTB 1 + 0.67971 58.14
11 33 M Bone Right humerus GCTB (necrosis) * e 0.61930 58.39
12 34 M Bone Right femur GCTB Bt i 0.67971 56.99
and sacrum
13 34 M Bone Right leg GCTB i e 0.62412 12.66
14 47 M Bone Left tibia superior GCTB 1 + 0.65317 14.85
15 50 M Bone Right femur inferior GCTB I (e 0.65802 2524
16 75 M Bone Left distal radius GCTB 1 2 0.64481 38.49
Negative Controls
1 50 B Bone Rib NAT - NA NA
2 50 B Bone Rib NAT - NA NA
3 56 B Bone Rib NAT - NA NA
4 68 B Bone Rib NAT = NA NA
5 68 B Bone Rib NAT - NA NA
6 56 M Bone Rib NAT - NA NA
7 60 M Bone Rib NAT - NA NA
Negative Controls
8 63 M Bone Rib NAT - NA NA
9 66 M Bone Rib NAT - NA NA

Grade as measured by the Campanacci grading system: Grade I: A latent lesion with a well-defined margin and an intact cortex; Grade II: An active lesion with a relatively well-defined margin but
no radiopaque rim; Grade I11: An aggressive lesion with indistinct borders and cortical destruction (13). *Indicates no grading scale. p = Pearson correlation coefficient: Correlations <0.20 as very
weak, correlations between 0.20-0.39 as weak, correlations 0.40-0.59 as moderate, correlations 0.60-0.79 as strong, and correlations >0.80 as very strong (62). The percent area co-localization was
determined using the color threshold function in Image]/Fiji. The area of PSMA co-localization was reported as a percentage of the area of CD31 staining, and the average percentage was
reported from serial sections. If >10% PSMA positive (+) staining. **Indicates disagreement between the percent area and r correlation coefficient due to section variability. Cancer adjacent
normal bone and bone marrow of rib (NAT) were used as negative controls.

NA, Not Applicable.
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Section 3. Economic, social and legal issues

Question

Recommendations

12.  How can the
efficiency of ODAH
be determined?

13.  How can the
economic impact of
ODAH

be determined?

14.  Are there legal
and ethical issues to
be solved to
implement

the program?

Recommendation 12.1: To evaluate the efficiency of
ODAH, it is recommended to conduct an economic
analysis from a societal perspective, given the potential
benefits it offers to patients and the Spanish NHS.
Recommendation 12.2: It is advised to implement a pilot
program to perform an economic evaluation of ODAH.

Recommendation 13.1: For economic impact
determination, the resulting costs of the ODAH and in
the hospital should be compared.

Recommendation 13.2: Despite the potential difficulty in
measuring PROMs and PREM, it should be considered
in the evaluation.

Recommendation 13.3: To adequately capture potential
patient benefits associated with home administration,
efficiency evaluations should be conducted from a
societal perspective.

Recommendation 13.4: It is essential to employ validated
questionnaires that can effectively gather and assess
PROMs and PREMs to generate evidence regarding the
health-related outcomes perceived by patients.

Recommendation 14.1: ODAH programs should adhere
to the legal regulations of the respective country or
region to ensure legal coverage for HCPs and
procedures.

Recommendation 14.2: Standard protocols for collecting
and responding to claims should be followed by each
center, and patients should be informed through a
formal consent before starting treatment.
Recommendation 14.3: Efforts should be made to
expand the availability of ODAH programs to more
patients while ensuring the safety and efficacy of the
treatment is not compromised.
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Compoun MCF
1C50-24 (uM)
Cl4 5914 +210.0 91.1 3.9
P8 1,146.8 + 291.0 140.1 £ 33.5
Cisplatin 12.0 £ 0.0 352.1 £41.2
1C50-48 (uM)
Cl4 310.2 £ 10.6 60.0 + 6.6
P8 907.1 +219.2 63.2 +10.6
Cisplatin 59+ 1.6 296.8 + 34.8

1C50 values for 24 h (IC50-24) and 48 h (IC50-48) of each sample were calculated and shown in uM + standard deviation of the mean.

MDA-MB-231RR

1282+ 2.6
163.3 + 16.8

200.0 + 0.0

70.6 £ 3.5
156.4 +28.4

103.6 + 8.7
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174.2 £19.0
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Drug Gene Variant in thyroid cancer Cancer Reference
Ipilimumab, nivolumab, dabrafenib, and trametinib BRAF V600E Melanoma (14)
Alpelisib PI3KCA GAA>AAA, G1564A/ Breast (15)
CCA>TCA, C3031T
Sotorasib and adagrasib KRAS GI12C NSCL (16)
Vandenitib and cabozantinib RET Codons: 609, 611, 618, and 620 NSCL (17)
Val804Met. S836S
Amivantamab, cabozantinib, capmatinib, crizotinib, osimertinib, MET 151621 AG NSCL, thyroid (18) (19—
tepotinib, and sitagliptin 23), (18)
Sitagliptin CTNNB1 c133T>C Thyroid (24)
Afatinib, lapatinib, and pertuzumab NRG1 12439302 Colorectal, breast (25)
Entrectinib SPP1 154754 Cervical (26)
Eltrombopag BAX ~248 G>A — 27)
PS121912 VDR (rs2228570) CT/TT Leukemia (28)
Rituximab IL-10 G-1082A B-cell non- (29)
Hodgkin’s lymphoma
Nu-1 TERT C>T (C228T) and 1,295,250 Lung and colorectal (30)
C>T (C250T)

Vandetanib CCDC6-RET Gene fusion NSCL (17)
Larotrectinib ETV6- Gene fusion Secretory breast cancer (31)

NTRK3
Crizotinib, ceritinib, alectinib, brigatinib, and lorlatinib STRN-ALK Gene fusion Lung adenocarcinoma (32)
Crizotinib, ceritinib, alectinib, brigatinib, and lorlatinib EML4-ALK Gene fusion Lung (33)
Suramin BRAF-SND1 Gene fusion -_— (33)
— IGF2BP3- Gene fusion — (34)

THADA
Pioglitazone, GW9662 PAXS- Gene fusion Thyroid (35)

PPARG
NEO2734 NUT-BRD4 Gene fusion NUT (36)

midline carcinoma

Amivantamab, cabozantinib, capmatinib, crizotinib, osimertinib, TGF-MET Gene fusion Sarcoma, glioma 37)

tepotinib, and sitagliptin
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System AEnon—polar AEpolar AGpingd

Protein—protein free and bound wild-type and mutated
K-Ras4B“*°—PDE6S

K-Ras4B""/PDE6S -80.2 ‘ -326.6 -406.9
K-Ras4B“"*P/PDE6S -79.1 ‘ ~405.8 -484.9
K-Ras4B“"*P/PDE65-C14 -78.8 ‘ 4114 -490.2
K-Ras4B“"*°/PDE65-P8 -60.9 ‘ -437.0 -497.8

Binding free energies and individual energy terms of complexes starting from docked
conformations (kcal/mol). The polar (AEpolar = AEele + AGele,sol) and non-polar
(AEnon-polar = AEvwd + AGnpol,sol) contributions are shown. All the energies are
averaged over 500 snapshots at time intervals of 100 ps from the last 50-ns-long molecular
dynamics (MD) simulations and are in kcal/mol ( + standard error of the mean).

The bold values signify Gibbs free energy of interaction between compounds and target
proteins, indicating spontaneous interaction efficiency. Negative values indicate an
energetically favorable interaction suggesting thermodynamically favorable binding, likely
to occur spontaneously under given conditions.
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